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ABSTRACT

Recent findings have argued in favor of the categorical perception of tonal contrasts in Taiwanese
Mandarin and Standard Mandarin (Hallé, Chang, & Best, 2004; Xu, Gandour, & Francis, 2006), and most
recently in Mandarin and Cantonese (Peng et al., 2010). Findings in favor of the categorical perception
of tone emerge most clearly from cross-linguistic work on speech perception. The current study
continues this line of research by investigating the categorical perception of Itunyoso Trique tone
among Trique and French listeners. Tonal stimuli were presented to listeners in an AXB discrimination
task (2AFC) and an AXB identification task (2AFC), closely following methods used in Hallé et al. (2004).
Evidence for a listener sensitivity to tonal categories was found for Trique listeners in their
discrimination performance, but this pattern did not correspond to the identification performance.
Overall, French speakers performed better overall at tone discrimination than Trique listeners, who
largely ignored within-category phonetic differences. Both Trique and French listeners were found to be
sensitive to psychoacoustic differences between stimuli, though French speakers relied more heavily on
such differences. The findings here argue for the importance of both phonetic and auditory memory for

the perception of Trique lexical tone.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In early work on speech perception, researchers observed a
close correspondence between the discriminability of a phonolo-
gical contrast and its identification (Liberman, Haris, Hoffman, &
Griffith, 1957). This phenomenon, called categorical perception,
was considered a special mode of auditory perception that
applied only to speech phenomena. Subsequent research largely
discredited the assertion that categorical perception was a phe-
nomenon specific to speech (Harnad, 1987). For instance, sharper
categorical boundary effects were observed for auditory contrasts
with more abrupt rise-times, such as the discrimination between
“plucked” and “bowed” notes on a musical continuum (Cutting &
Rosner, 1976; Macmillan, 1987). Furthermore, the identification
boundaries between many phonological contrasts have been
observed to straddle regions of greater psychoacoustic sensitivity,
such as natural boundaries in temporal order discrimination
(Miller, Wier, Pastore, Kelly, & Dooling, 1976; Pastore, 1987). If
these psychoacoustic factors account for the observed relation-
ship between identification and discrimination, then surely cate-
gorical perception is domain-general.!

*Tel.: +203 865 6163.
E-mail address: cdicanio@gmail.com
! Additionally, work on animal perception has found similar identification
boundaries in chinchillas and macaques for a VOT (voiced-voiceless) contrast in
English to those observed in humans (Kuhl & Miller, 1975; Kuhl & Padden, 1982;
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However, these critiques do not imply that psychoacoustic
differences explain all categorization in speech. Modern research
in speech perception is concerned with how psychoacoustic
sensitivities, memory, phonetic cues, and language biases all
interact in speech categorization. Generally speaking, consonantal
contrasts will have abrupt perceptual boundaries where a peak in
the discrimination function between categories corresponds clo-
sely with an abrupt change in category identification (Francis,
Ciocca, & Ng, 2003; Harnad, 1987; Repp, 1984). Vowel contrasts
are perceived with less abrupt category boundaries, owing to
their distinct representation in auditory short-term memory (Fry,
Abramson, Eimas, & Liberman, 1962; Pisoni, 1973; Rosen &
Howell, 1987). Yet, with respect to tonal contrasts, the findings
have been mixed. Some researchers have found tones to have
abrupt, but fuzzier identification boundaries like vowels (Avelino,
2003; Chan, Chuang, & Wang, 1975; Hallé et al., 2004; Stagray &
Downs, 1993; Xu et al., 2006) while others have argued that tonal
contrasts are perceived more continuously (Abramson, 1979;
Francis et al., 2003).

In a recent study examining the perception of Taiwanese
Mandarin tone with Taiwanese and French listeners, Hallé et al.
(2004) found that native listeners’ discrimination peaks corre-
sponded closely with identification crossover locations. The
identification functions for Taiwanese listeners were not as

(footnote continued)
Pastore, 1987). If the sharpness of the identification slope is a characteristic of
categorical perception, then such evidence argues for its domain generality.
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abrupt as those typically observed for consonantal contrasts, but
they showed a significantly steeper slope between category end-
points on the continuum. For Taiwanese Mandarin listeners, there
was greater sensitivity to pitch and intensity differences when
they corresponded to categorical boundaries between tones.
These effects were not observed for French listeners. Hallé et al.
argue that tone is perceived quasi-categorically in Taiwanese
Mandarin. Given that the perception of phonological contrasts
lies on a continuum of categoricity largely dependent on the
experimental task and its specific demands on phonetic and
auditory memory (Gerrits & Schouten, 2004), the term ‘quasi-
categorical’ is a bit of a misnomer. Nevertheless, these results are
particularly interesting because categorization by Taiwanese
listeners is not explained by the experimental condition nor the
psychoacoustic differences between the stimuli. The study
involved the cross-linguistic perception of a contrast that does
not exist in French. If psychoacoustic differences between the
stimuli accounted for the discriminability of tonal contrasts, one
would expect similar behavior for French and Taiwanese Man-
darin listeners. Cross-linguistic work on non-native contrasts
provides a way to control for both auditory sensitivities and
experimental procedure while investigating evidence of
categorization.

As approximately 42% of the world’s languages have tonal
contrasts (Maddieson, 2010), understanding how they are per-
ceived and categorized is a crucial part of understanding human
cognitive capacities. Yet, the perception of tone also offers a
unique window into how cross-linguistic speech perception
works. All languages have segments which are used to create
phonological contrasts, but not all languages have tone. A tone
language from the perspective of a non-tone language speaker
(and vice-versa) represents a completely different organization of
prosodic structure, a larger structural difference than one which is
merely segmental. While tone is common in the world’s lan-
guages, tone perception has been studied only within a small
group of languages to date. Most work has exclusively focused on
East and Southeast Asian languages (Brunelle, 2009; Francis et al.,
2003; Gandour & Harshman, 1978; Hallé et al., 2004; Lee, Vakoch,
& Wurm, 1996; Peng, 1997; Xu, 1994; Xu & Xu, 2003, among
others). Exhaustively, the exceptions are Connell (2000) on
Mambila, Hombert (1975, 1976), and Lavelle (1974) on Yoruba,
Avelino (2003) on Zapotec, and, more recently, Frazier (2009) on
Yucatec Maya.

The current paper addresses the categorical perception of tone
in Itunyoso Trique, an Oto-Manguean language spoken in Mexico
(DiCanio 2008, 2010b, 2012a, 2012b). The results from two
experiments are presented, which tested how well speakers of
Itunyoso Trique and French perceive Trique tonal contrasts. The
primary objectives of this study are to examine the differences in
tonal discrimination and identification between Trique and
French listeners and to examine if listeners are sensitive to tonal
categories in tone perception. The results show evidence for
greater between-category than within-category discrimination
for Trique listeners and more accurate within-category discrimi-
nation among French listeners than among Trique listeners.
Overall, French listeners were more accurate discriminating the
tonal contrasts, but did not show any evidence of categorical
perception in discrimination. The identification functions varied
between languages, but no relationship between identification
and discrimination performance was found. In general, among
tonal contrasts which were harder to discriminate, there was less
of a relationship between identification and discrimination
performance.

This paper also contributes to a growing literature investigat-
ing language biases of non-native speech contrasts (Best &
Strange, 1992; Cho & McQueen, 2006; Hallé, Best, & Levitt,

1999, 2004; So, 2006). Previous work has argued that speakers
of tonal languages have an advantage over speakers of non-tonal
languages in tonal discrimination tasks due to their native
language experience with pitch as a linguistic cue (Burnham
et al., 1996; Lee et al., 1996; Hallé et al., 2004; So, 2006). The
results here argue against this showing that French listeners have
an advantage over Trique listeners in tonal discrimination. Trique
listeners are less accurate overall in tone discrimination than
French listeners, but largely seem to ignore intra-categorical
differences in pitch, similar to findings in Stagray and Downs
(1993).

This paper is organized as follows. In Section 1.2, I provide
background information on the tonal system of Itunyoso Trique.
In Section 1.1, I discuss the literature on tone perception. In
Section 2, I discuss the methods and results from an AXB tone
discrimination task with Trique and French listeners. In Section 3,
[ discuss the methods and results from an AXB tone identification
task with Trique and French listeners. In Section 4, I provide a
general discussion of the findings from this series of experiments.
I conclude the paper in Section 5.

1.1. The perception of lexical tone

Research on tone perception can be divided into two areas
typical of work on speech perception: categorization studies and
studies on perceptual cues. In this section, I provide a summary of
the literature on these topics.

1.1.1. Tonal categorization

Repp (1984) notes that categorical perception shows four main
characteristics. First, one observes an abrupt change in the
identification responses (labeling probabilities) between two
stimuli when they are presented along a regularly spaced con-
tinuum. Second, one observes a peak in discriminability which
corresponds to this abrupt change in identification. Third, dis-
crimination is at or near chance level within a category. Fourth,
the discrimination function is perfectly predictable from the
labeling probabilities.

Typically, one does not observe this idealized pattern of
categorical perception. Discrimination performance is usually
better than predicted from labeling probabilities (Francis et al.,
2003), controverting the final two of these characteristics.
Furthermore, the abruptness of the labeling probabilities varies
continuously depending on the degree to which auditory memory
is recruited for categorization (Francis et al., 2003; Repp, 1984).
For instance, one observes a more gradual identification function
in identification tasks with a short ISI. Since auditory memory
decays more quickly than phonetic memory, listeners are able to
utilize auditory memory to a greater degree in such conditions
(Pisoni, 1973; Xu et al., 2006). Finally, the meaning of “abrupt-
ness” varies depending on the contrast type. What is considered
an abrupt change in identification for a vowel contrast might be
considered to be gradual for a consonantal contrast, since vowels
are retained longer in phonetic memory (Pisoni, 1973).

Yet, once these factors are considered, how do listeners
categorize tonal contrasts? Does one observe steeper slopes on
the labeling function during identification, as observed for certain
vowels, or gradual, continuous identification responses? The ear-
liest studies on tone categorization concern the identification of
tones by native speakers of Thai (Abramson, 1962, 1975) and
Mandarin Chinese (Chuang, Hiki, Sone, & Nimura, 1972; Howie,
1972). In each of these studies, listeners were asked to identify
words on the basis of their tone. Listeners identified tones with a
high degree of accuracy, although certain tones (M vs. L in Thai,
Tone 2 vs. Tone 3 in Mandarin) were harder to identify than
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others. Later work on Thai (Abramson, 1979) and Mandarin (Chan
et al., 1975) explored the categorical perception of tone using a
traditional paradigm, i.e. per Liberman et al. (1957). Abramson
tested Thai listeners on a level tone continuum spanning the pitch
range of the three level tones in the language. Thai listeners did
not have discrimination peaks between tonal categories, which
led Abramson to conclude that tone was not perceived categori-
cally. Chan et al. reached a separate conclusion for Mandarin
Chinese. Testing an 11 step acoustic continuum between tone
1 and tone 2, they found a discrimination peak corresponding to
an identification crossover point between the tonal categories.
This is classical evidence of categorical perception, which led
them to conclude that tone was categorically perceived. Even
though both researchers used the same paradigm, they reached
separate conclusions.

Mixed findings continued to persist in later work on the
categorical perception of tone. In a same-different tone discrimi-
nation task, Stagray and Downs (1993) found that Mandarin
listeners were less sensitive to within-category pitch differences
than English listeners were. They argued that within-category
pitch variation was ignored by listeners because it is not relevant
to categorical identification. Listeners ignored phonetic variability
which was not contrastive. In a tonal identification task on
Mambila, Connell (2000) tested listeners using a 10-step con-
tinuum spanning the language’s four level tones. The identifica-
tion boundaries between the four level tones were fairly gradual
and no abrupt change in identification occurred. While Connell
considered this positive evidence that pitch height alone could
cause a change in identification for Mambila listeners, it was less
conclusive that listeners had discrete category boundaries of the
sort predicted in a categorical mode of perception. In his work on
Zapotec, Avelino (2003) found that listeners performed well in
tonal identification, but did not consistently discriminate
between tones. A categorical effect was found between the two
level tones (H vs. L) in the language, but not between the level and
the contour tones. In a study on Cantonese tone perception,
Francis et al. (2003) argue that psychoacoustic effects and learned
category boundaries account for peaks in discriminability
between tonal categories. Moreover, the authors found that
identification crossover points did not predict the location of
peaks in discrimination. This finding argues against the hypoth-
esis that the discriminability of contrasts reflects long-term
memory representations used in categorical identification.
Instead, they argue that listeners attend to natural regions of
auditory sensitivity in discrimination.

The general lack of consistent findings on the categorical
perception of tone may result from the nature of the stimuli
being examined. In many studies, tonal stimuli are not presented
in context, but in isolation (Abramson, 1979; Avelino, 2003;
Connell, 2000). It is well-known that listeners rely on contextual
cues for determining the tonal space of the speaker (Francis,
Ciocca, King Yu Wong, Ho Yin Leung, & Cheuk YanChu, 2006;
Wong & Diehl, 2003). Without these cues, listeners may have
difficulty making categorical phonological judgments. Further-
more, discrimination between level tones may be fundamentally
different from discrimination between contour tones, which are
self-normalizing (Francis et al., 2003). This may account for the
general lack of categorical perception effects among those studies
examining level tones, e.g. in Thai and Mambila. In contrast,
categorical perception of tone is attested among studies examin-
ing contour tones, e.g. in Mandarin and Cantonese.

One way to control for auditory sensitivities in tonal discrimi-
nation is to examine tone perception cross-linguistically. For
instance, the lack of discrimination boundary effects for French
listeners in the experiments discussed in Hallé et al. (2004)
suggests that peaks in sensitivity do not have a simple auditory

explanation. Furthermore, in a cross-linguistic study of tone in
Mandarin Chinese, Xu et al. (2006) found categorization boundary
effects for Chinese listeners, but none for English listeners. This
finding leads Xu et al. to argue in favor of a multistore model of
categorical perception, rather than one which is solely domain-
specific or domain-general. A similar type of argument in favor of
parallel memory representations in categorical perception is
made in Carney, Widin, and Viemeister (1977) and Huang and
Johnson (2010). In both the works of Francis et al. and Xu et al.,
listeners of a non-tonal language were used as a comparison with
native listeners of a tonal language. In doing so, one controls for
psychoacoustic boundary effects which are anticipated to be
identical across language groups.

1.1.2. Tonal cues

Relatively few studies have examined the relative contribution
of different acoustic cues in the perception of tonal contrasts. The
main perceptual cues of most tonal contrasts are Fy height, Fy
trajectory, and Fq slope. However, other cues may also contribute
to tone perception. In a pioneering study, Gandour and Harshman
(1978) investigated the ability of English, Thai, and Yoruba
speakers to discriminate synthetic pitch stimuli on open syllables.
They observed that speakers of tone languages attached greater
perceptual weight to dynamic pitch dimensions, such as pitch
direction and slope, than to static dimensions like average pitch
height. Similar patterns have been observed for Taiwanese (Lin &
Repp, 1989) and Thai listeners (Zsiga & Nitisaroj, 2007), suggest-
ing that there is a general tendency for speakers of languages with
contour tones to weigh tone movement more than heavily than
tone height in perception.

Apart from these cues, a number of non-pitch cues are also used
in tone perception. Duration is used as a cue in tone perception for
Mandarin Chinese (Liu & Samuel, 2004) and for Taiwanese listeners
(Lin & Repp, 1989). Voice quality (glottalization) is used as a tonal
cue for listeners of Vietnamese (Brunelle, 2009) and Yucatec Maya
(Frazier, 2009). Pitch differences between tones also introduce
natural differences in intensity. Such differences may also be used
as cues in tonal perception (Whalen & Xu, 1992).

Findings like those observed in Hallé et al. (2004) and Xu et al.
(2006) demonstrate that cross-linguistic perceptual studies are a
constructive paradigm for investigating categorical boundary
effects for tone. Studies investigating language-bias in tone per-
ception have revealed stark differences in discrimination sensitiv-
ity among speakers from different language backgrounds (Francis,
Ciocca, Ma, & Fenn, 2008; So, 2006) or even from different dialect
backgrounds (Brunelle, 2009). Within the same spirit, the current
study compares the perception of French and Trique listeners on a
Trique tonal contrast. As categorical perception effects were found
using the methods in Hallé et al. (2004), the methods used here
closely followed those used by these authors. In the first experi-
ment, Trique and French subjects participated in an AXB discri-
mination task. In the second experiment, Trique and French
subjects participated in an AXB identification task. This task
differed from traditional identification tasks as listeners heard
tone category prototypes surrounding the target stimulus. This
experiment is also unique from most work in tonal perception in
that all Trique subjects are illiterate in their native language, as
there is no commonly used writing system (but see DiCanio & Cruz
Martinez, 2010, for a recent attempt at providing one). Most
speakers of tonal East and Southeast Asian languages are literate.

1.2. The phonetics of Itunyoso trique tone

Before reporting the present study, it is necessary to describe
the phonetic characteristics of tone in Itunyoso Trique, an
Oto-Manguean language spoken in Oaxaca, Mexico. The acoustic



C.T. DiCanio / Journal of Phonetics 40 (2012) 672-688 675

properties of tone in Trique are comprehensively described in
DiCanio (2008). There are nine contrastive tones in Itunyoso
Trique: four level tones and five contour tones. Unlike many
East-Asian and Southeast Asian tonal languages, most words in
Itunyoso Trique are polysyllabic. Contrastive tone occurs on every
syllable in the word, but the full set of tonal contrasts may only
occur on the final syllables of lexical roots. Moreover, these nine
different tones are unevenly distributed in final syllables of three
possible rime shapes: long vowels without a coda (/V:/), short
vowels with a voiced glottal fricative coda (/Vf/), and short
vowels followed by a coda glottal stop (/V?/). Non-final syllables
are always open with a short vowel. A chart exemplifying the
tonal contrasts in monosyllabic words is given in Table 1. Tonal
transcription here follows Chao’s tone letters, where /1] is the
lowest pitch level and /5/ is the highest.

The four level tones differ primarily in pitch height and are
realized without any significant pitch contours. The falling tones
/43/, [32/, and [31/ each contrast in pitch height. Tones /43/ and
/32/ have a similar pitch declination (26.5 vs. 19.4 Hz, respec-
tively). Tone /31/ is realized with a more abrupt falling contour
than either tone /43/ or [32/ (33.5 Hz). The rising tones differ only
in pitch height and do not differ in slope. Fig. 1 shows average
pitch traces for tones in V: contexts on monosyllabic roots for
6 speakers.

As the current paper is concerned with the perception of tones
on open syllables, the phonetics of only these tones are described
here. All values here come from DiCanio (2008). The level tones
are not evenly spaced. At their midpoints, the difference between
tones /1/ and /2/ is 11.7 Hz, while the difference for tones /2/ and
/3] is 21.3 Hz, and 18.8 Hz between tones /3/ and /4/. Moreover,

Table 1
Contrastive tones in Itunyoso trique.

Tone V: VA Ve
14/ Be*  ‘hair jsh* ‘dirt, wax’
13/ n:e3  ‘plough’ j5h3 ‘paper’ tsi?’ ‘agave liquor’
2/ me? C‘tolie  tah®  ‘delicious’ t[dy Cten
/1/  mnwe' ‘naked’ tah' ‘how (Q) tsip' ‘sweet’
43/ 1i** litle  p3p% ‘mother (vocative)
/32]  ne32 ‘water  ;3p32 ‘cigarette’
31/ nwe3!  ‘meat’
145/ joh*>  ‘forehead’
113/ joh'>  ‘light, fast'
220 — Tone
OTI AT2 +T3 X T4 < T43 v T32 ® T3l
¢-0
200 TO~
X\x—xo—‘ﬁ\—x‘x_x_x~x\
O~ o X
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as) — = = ~
< 180 x ¥ MV_\‘I»7+_<P*+—+\+
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~0-0-9Bq-0-0-0
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T I I I I
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Time (seconds)

Fig. 1. Average pitch of tone in V: contexts, from DiCanio (2008).

tone /1/ is the shortest in duration of the level tones while tone
/3] is the longest. The contour tone [43/ begins at a higher pitch
level than tone /4/ and falls to approximately the level of tone /3/,
with a pitch excursion of 21.0 Hz. Tone /32/ begins at approxi-
mately the pitch level of tone /3/, but has a small pitch excursion
of 14.3 Hz. Tone /31/ begins at a pitch level midway between that
of tone /3/ and /2/ but terminates at a pitch level lower than tone
/1/, having a large pitch excursion of 27.4 Hz. (Note that these
pitch excursions are estimated not from the vowel endpoints, but
from the middle 80% of the vowel’s duration.) Tone [43/ is the
shortest of all tones, while tone /32/ is the longest.

While tonal allophony has been shown to affect listeners’
judgments of phonological similarity (Huang, 2004; Huang &
Johnson, 2010), there are few such processes in Itunyoso Trique.
Tonal alternations are always motivated by the morphological
system and occur within the word. For instance, aspect-marking
on verbs causes tonal changes on all or part of the word, e.g.
[ki*r34?3" | ‘I have danced.’ vs. [ki*r3%?5°| I will dance.’. Tones [3/
and /4/ contrast with tone /2/, which marks the potential aspect
(see also Hollenbach (1984)). Person-marking enclitics also may
cause tonal alternations depending on the tone of the root
to which they attach, e.g. /ka’li?’/ ‘problem’ vs. [ka’kih®| ‘my
problem’. Apart from these two types of alternations, there are
no other processes which alter the tones on words in a sentence.
(The reader is referred to DiCanio, 2010a for an in-depth discus-
sion of Trique tonal morphophonology.) There are no regular tone
sandhi processes that apply between words.

2. Experiment 1: tonal discrimination with Trique
and French listeners

2.1. Method

2.1.1. Subjects

Eighteen Trique subjects and 20 French subjects participated
in the experiment. Data from four Trique subjects were elimi-
nated from the experiment. One Trique subject was removed due
to a program error on the experimenter’s computer. The other
three subjects were eliminated because their responses reflected
chance-level discrimination (between 50-55%). It was unclear
that these subjects understood the experiment. The Trique part of
the experiment took place in the town of San Martin Itunyoso.
Subjects were seated in a quiet room at a desk facing the author’s
computer. The French part of the experiment took place in a
laboratory at Université Lyon 2. The Trique portion of the
experiment was administered by the author in Spanish, while
the French portion was administered by the author in French.

All the subjects of both language groups were between 18 and
45 years old at the time of the experiment and none had any
history of speech or hearing disorders. The average age was 24
years old for French subjects, but 26 years old for Trique subjects.
Trique listeners had a larger age range (18-45 years old) than the
French listeners (18-34 years old). Moreover, most of the French
subjects were college-age students at least passively familiar with
the expectations of experimental research. In contrast, there is
little or no familiarity with research in higher education among
Trique speakers. Most of the Trique subjects had received college
or secondary school education, but some of the older subjects had
little formal education.

Prior to the experiment, French subjects were asked if they had
any musical training. Thirteen of the French subjects reported
having musical experience of varying levels, but this information
was not requested from the Trique subjects. All the Trique
subjects were native speakers of the San Martin Itunyoso dialect
of Trique and bilingual in Spanish. Bilingualism is typical of most
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Fig. 2. Tonal comparisons.

Table 2

Tonal stimuli.
Trique word English gloss
n:e3 ‘plough’
n:e? ‘to lie’
nel ‘naked’
n:e3? ‘water’
n:e3? ‘meat’
ru‘ne® ‘avocado’
ru*ne®? ‘bean’

of the population in the community and typical of most American
Indian languages in Mexico. However, Trique is the main lan-
guage of daily and family use between Trique speakers. This is
true even among younger speakers of the language. In fact, prior
to their formal education, Trique children do not speak any
Spanish. Spanish is used only with outsiders, in government,
and in the educational system. As the French part of the experi-
ment was carried out in France, and not the United States, most of
the French subjects had some familiarity with foreign languages,
typically English, Spanish, and German. However, none of the
French subjects reported fluency in a language other than French.

2.1.2. Stimuli

In the first experiment, tonal stimuli were compared from
open syllable words in Itunyoso Trique. There are seven contras-
tive tones which occur in this context (see Fig. 1). Using a two-
alternative forced choice paradigm, there are 21 possible tonal
comparisons.? For the purposes of this study, the set of compar-
isons was restricted to those tones which were close in the
acoustic space and those for which an intermediate stimulus
between categories would not span the acoustic-perceptual space
of a different tone. For instance, creating resynthesized stimuli
between level tones /1/ and /3/ would necessarily cross into the
perceptual space of tone /2/. Comparisons like these were
excluded from the study. Eight tonal category comparisons were
created for an AXB discrimination task, shown in Fig. 2. Six of the
seven tonal contrasts appearing in long open syllables were
compared (tone level /4/ was omitted). The words used to create
resynthesized stimuli are given in Table 2. Fig. 2 shows the
different tonal pairs which were compared in the experiment.

For each tonal category, a representative token among the
stimuli set was chosen. The duration of each of the monosyllabic
tokens was neutralized to the average duration among them
(655 ms). The same was done for the disyllabic words (‘avocado’
and ‘bean’) (800 ms). Pitch and intensity values for each target
word were extracted using a script written for Praat (Boersma &
Weenink, 2009). Following the methods used in Hallé et al.
(2004), six between-category stimuli were then linearly inter-
polated from these acoustic measures, resulting in a total of eight

2 Where n is equivalent to the number of stimuli, 3} _ ; (n—k)=the number of
possible comparison pairs for the stimulus set. Thus, for seven tones, there are 21
(6+5+4+3+2+1) possible pairs.

stimuli for each the eight tonal comparisons. Following Hallé et al.
(2004), a linear scale was used for pitch resynthesis, instead of
ERB (equivalent rectangular bandwidth). In all cases, resynthesis
was done using the stimuli with a higher pitch value, e.g. using
tone /3/ to resynthesize intermediate tokens between /3/ and /2/.
Stimuli at the ends of the continua were not resynthesized, but
consisted of the original time-normalized tokens.

As the current study attempts to replicate, as much as possible,
the methodology in Hallé et al. (2004), pitch and intensity were
resynthesized together; they were not independently manipu-
lated. However, intensity varied slightly across tones, where
falling tones had greater overall intensity than level tones (see
Fig. 3). It is known that listeners of certain languages are able to
rely on intensity differences alone to distinguish tonal contrasts
(Liu & Samuel, 2004; Whalen & Xu, 1992), but they mainly rely on
Fo when such information is given (Abramson, 1972). Moreover, it
is conceivable that such listeners are actually relying on a close
correlation between absolute F, differences and amplitude to
determine tonal identity (Whalen & Xu, 1992). While native and
non-native listeners of Trique tone may use intensity information
in tonal discrimination, this issue was not examined in the
present study.

Pitch resynthesis was done using Praat (Boersma & Weenink,
2009) and intensity resynthesis was done using a Matlab script.
An illustration of the interpolated pitch pattern is shown in Fig. 3.
Following resynthesis, each word was embedded in a carrier
phrase: [ka%tah?__] ‘Someone will say __’. A Trique native-speaker
judged the resulting phrases with the resynthesized tokens to
sound natural.

2.1.3. Procedure

An AXB discrimination paradigm was used in this experiment.
All eight tonal comparisons were blocked and presented to
subjects in a pseudo-random order. For each tonal comparison,
subjects listened to three stimuli. The first and last stimuli in each
trial were separated by two intervals along the resynthesized
continuum, e.g. 1-3, 2-4, 3-5, 4-6, 5-7, 6-8. The middle test
stimulus was identical to either the first or the last stimulus,
e.g. 1-1-3, 1-3-3, 3-5-5, 5-5-3. These stimuli were separated by a
500 ms inter-stimulus interval (ISI). Subjects were asked to
determine if the middle stimulus was more similar to the first
or to the last. Each stimulus was tested eight times (twice for each
presentation order: BBA, BAA, ABB, AAB), for a total of 48 trials per
tonal comparison block (384 total trials). All stimuli were pre-
sented using a script written for Praat on the author’s Mac iBook
G4 laptop with headphones. This test phase was preceded by a
practice block of 32 trials, which consisted of four trials from each
of the eight tonal comparisons. French listeners used a mouse to
click one of two labels on the screen, ‘premier’ and ‘troisieme’,
corresponding to the first and last token. The labels appeared in
Spanish, ‘primero’ and ‘tercero’, for Trique listeners. The author
was present during the experiment for all subjects in both
language groups and explained the procedure to subjects in
French or in Spanish.

2.2. Results

Four different statistical tests were used to examine the
discrimination data. In all logistic models, the ANOVA(Irm) func-
tion in R (R Development Core Team, 2009) was used because it
provides a test of the hypothesis that each predictor has a non-
zero regression coefficient. Note that “ANOVA” here reports an
analysis of deviance, not variance. The significance of each of
these predictors is evaluated with a y? statistic (Baayen, 2008).
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Fig. 3. Intensity differences by tone (left) and pitch resynthesis (right).

In the first test (test 1), discrimination accuracy was analyzed
with a two factor logistic regression model with continuum step
as a within-subjects factor, and language as a between-subjects
factor. All tonal continua were grouped in the first analysis (with
tonal continuum treated as another within-subjects factor), but
then divided in subsequent analyses. Alpha levels for multiple
comparisons were adjusted using the Bonferroni correction. This
model was analyzed using ANOVA with a y? test. Outliers were
found in only three tonal continua: T2-T1, T2-T3, and T32-T31.
They accounted for only 0.8% of the data within these blocks.
Removal of outliers was completed following methods used in
Baayen (2008, Section 6.2.3). After removing these outliers and
re-fitting the logistic model to the data, no differences in the
statistical results were found. This particular test was used to
examine both general language effects and specific language x
continuum step interactions for each tonal continuum.

In the second test (test 2), a separate logistic model was fit to
the data where the continuum steps were divided into two
groups: a between-category group (step comparisons 2-4, 3-5,
4-6, 5-7) or a within-category group (step comparisons 1-3, 6-8).
This grouping and the tonal continuum were treated as within-
subjects factors, while language was treated as a between sub-
jects factor. This particular test was used to examine language
effects within and across tonal categories. In the third test (test 3),
listener sensitivity (d') was analyzed in a three factor ANOVA with
tonal comparison and continuum step as within-subjects factors
and language as a between-subjects factor. This test was the only
one used to examine listener sensitivity.

In the fourth test (test 4), the peakedness of the discrimination
curve was analyzed, using methods similar to those in Xu et al.
(2006). A between-category peak in discrimination accuracy for
each listener was calculated (Pp.) for each listener at each tonal
continuum. This value was compared with the average accuracy
for within-category discrimination, where P,,.=(P3 + Peg)/2. The
absolute difference between these values is a measure of peaked-
ness in discrimination accuracy. This value was analyzed in a two
factor ANOVA with tonal comparison as a within-subjects factor
and language as a between-subjects factor. This test was similar
to the second test (above), but offered a more precise way to
examine the peak discrimination accuracy between groups (as
opposed to the average).

2.2.1. Discrimination accuracy and sensitivity

There was a general effect of language on discrimination
accuracy across all tonal comparisons (%(48)=227.6, N=13,056,
p <.001). French listeners (78.0%) showed greater discrimination
accuracy than Trique listeners (71.6%). This test reflects differences

in overall discrimination accuracy (test 1). The results from
test 2 showed a significant main effect of within vs. between
category discrimination (y%(16)=152.8, N=13,056, p <.001)
and a significant interaction with language as well (2(8) =55.2,
N= 13,056, p<.001). These findings reflect a pattern where
French listeners were much better at within-category discrimina-
tion than between-category discrimination as compared to Trique
listeners.

Results from the first logistic model (test 1) show differences
in discrimination accuracy between language groups for particu-
lar steps along the stimulus continuum. Fig. 4 shows the dis-
crimination performance for Trique (T) and French (F) listeners
for level tone comparisons. A significant language x continuum
interaction was found for the /T3/-/T2/ comparison (}?(5) = 12.1,
N =1632, p <.05) but no such effect was observed for the |T2/-/
T1/ comparison (%2(5) = 3.1, N=1632, p =.68). General discrimi-
nation accuracy was low for Trique and French listeners for the
[T2/-[/T1/ pair. For Trique listeners, it approached chance level at
the midpoint of the continuum. The low discriminability of this
comparison is discussed in Section 2.3.

Fig. 5 shows the discrimination performance for tonal pairs
[T1/-/T31/ and [T2/-/T31/. A significant language x continuum
interaction was found for both the /T1/-/T31/ pair (}?(5) = 15.5,
N=1632, p<.01) and the [T2/-/T31/ pair (y?(5)=19.8, N=
1632, p<.01). Trique listeners’ discrimination accuracy was
greater at the continuum midpoint than at the continuum
boundaries, but the opposite effect was observed for French
listeners; discrimination accuracy was greater at the continuum
endpoints. For both languages, discrimination accuracy was
better for the /2/-/31/ tonal comparison than for the /1/-/31/
comparison.

Fig. 6 shows the discrimination performance for tonal pairs
[T2/-/T32/ and [T3/-/T32/. A significant language x continuum
interaction was found for both the /T2/-/T32/ pair (}?[5,11]=
12.7, p<.05) and the [T3/-/T32/ pair (y?(5)=27.5, N=1632,
p<.001). Fig. 7 shows discrimination performance between
contour tones. A significant language x continuum interaction
was found for both the [T32/-/T31/ tonal pair (¥?(5)=34.0,
N=1632, p<.001) but not for the [T32/-/T43/ tonal pair
(x*(5)=3.1, N=1632, p=_.68).

Despite strong differences in the discrimination performance by
Trique and French listeners, no general effect of language on d-prime
(test 3) was observed for any of the tonal comparisons (F(1,
1584)=1.82, p=.18). However, a small, but significant language x
tonal comparison interaction was observed (F(7, 1584)=3.0, p < .05,
with Bonferroni correction). Discrimination accuracy differed across
language groups, but these differences did not affect listener
sensitivity to a substantial degree.
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2.2.2. Peakedness

With respect to the peakedness of the discrimination function
(test 4), a significant main effect of language was found (F(1,
256)=42.1, p<.001). On average, Trique listeners were 12.5%
better at tonal discrimination between categories than within
categories. French listeners performed only 2.4% better at
tonal discrimination between categories than within categories.
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tonal pairs T1-T31 and T2-T31.

A significant main effect of Tonal Comparison was also found (F(7,
256)=3.8, p<.001). Post-hoc analysis using Tukey’s Honest
Significant Difference Test showed a significant effect only
between tonal comparisons [T2-T1/ vs. [T1-T31/ and [T3-T32/
vs. [T1-T31/ (p < .01). Peakedness was lowest for the /T2-T1/ and
/T3-T32/ pairs (higher within-category tonal discrimination),
while it was highest for the /[T1-T31/ pair. In addition, a small,
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but significant, language X tonal comparison interaction was
found (F(7, 256)=2.2, p <.05). Yet, the results from a post-hoc
analysis using Tukey’s Honest Significant Difference Test found a
significant difference only for tonal pair /T1-T31/ (p < .05), where
the greatest difference in peakedness between language groups
occurred.

2.3. Summary and extended analysis

For six of the eight tonal comparisons, Trique listeners showed
greater discrimination accuracy between tonal categories than
within tonal categories. French listeners were more sensitive to
pitch differences within tonal categories than between tonal
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categories. For Trique listeners, discrimination accuracy was
influenced by their knowledge of the linguistic categories asso-
ciated with each tone. Yet, for all listeners, greater within-
category bias in discrimination accuracy may have resulted from
the method of resynthesis. Stimuli between the endpoints of each
continuum were resynthesized, while endpoint stimuli were not.
French listeners showed greater sensitivity to these non-linguistic
differences (resynthesized vs. natural stimuli) than Trique listen-
ers did. These boundary effects reflect a sub-phonemic difference
between stimuli. Despite such differences, Trique listeners
seemed to ignore subphonemic differences, similar to findings
in Stagray and Downs (1993).

For two tonal pairs (/T2-T1/, /T43-T32/), no significant peaks in
discrimination were observed. In these cases, Trique listeners’
discrimination performance followed a similar trajectory to that
of French listeners. One explanation for these exceptions may lie
in the particular acoustic cues which differentiated the tonal
contrasts. Listeners are attentive to a number of acoustic cues in
their perception of tonal contrasts, such as average pitch, pitch
slope, and pitch direction (Gandour & Harshman, 1978; Liu &
Samuel, 2004; Xu, 2004). If we consider these three tonal cues in
relation to the phonetic differences between the tones in the
discrimination task, a pattern emerges. In Table 3, we observe
that the tonal comparisons with fewer contrastive cues did not
show evidence of categorical-type peaks in discrimination. Aver-
age pitch level here was considered the “same” between tones if
their average difference in pitch was less than 1 semitone. Six
tonal pairs are distinguished by average pitch. Among these, three
pairs are distinguished by this acoustic cue alone: pairs /T3-T2/,
/T2-T1/, and [T43-T32/, the latter two for which no significant
peaks in discrimination were found across languages. Moreover,
since the stimuli were not resynthesized using an acoustic scale,
the psychoacoustic distance differed between tonal comparisons.
This may also have contributed to differences in discrimination
accuracy between tonal comparison blocks.

In order to test these potential confounds, both these cues and
psychoacoustic distance were examined in relation to discrimina-
tion accuracy. The psychoacoustic distance between stimuli was
included in a logistic regression model along with Language and
Tonal Comparison as factors. This was evaluated separately
against within-category and between-category discrimination
accuracy. Psychoacoustic distance was calculated by taking the
average difference in semitones for each stimulus pair in each
tonal comparison block. Significant effects of psychoacoustic
distance on both within (%%(16)=103.9,N=13,056, p <.001)
and between category discrimination accuracy were found
(x*)(16)=61.7, N=13056, p<.001). In general, tonal stimuli
with greater psychoacoustic differences were more accurately
discriminated by all listeners. Tonal pairs /[T2-T1/ and [T3-T32/
were the most psychoacoustically similar, so they were perceived

Table 3
Contrastive cues among Trique tones.

Tonal comparison Cues Cues
Average pitch  Pitch slope  Pitch direction
13/-12] Different Same Same 1
12/-1] Different Same Same 1
143/-/32/ Different Same Same 1
132/-/31/ Different Different Same 2
13/-132/ Same Different Different 2
12/-[32/ Different Different Different 3
12/-31/ Different Different Different 3
/1/-131/ Same Different Different 2

Table 4
Psychoacoustic differences between tonal comparisons.

Tonal Average psychoacoustic Discrimination accuracy
comparison distance (semitones)
Trique (%) French (%)

132/ - [31] 1.02 76.8 87.2
2] - [3] 0.81 77.2 87.5
143/ - [32] 0.75 62.1 711
2] - [32] 0.64 74.3 81.1
2] - [31] 0.63 83.5 834
/1] - [31] 0.58 72.5 72.0
2] -1/ 0.46 63.4 74.2
13/ - 132/ 0.25 63.2 67.2

less accurately than the other tonal pairs. A significant language x
psychoacoustic distance interaction was observed for both
within and between category discrimination as well, (¥2(8)=
21.7, N=13,056, p<.01; %%(8)=21.6, N=13,056, p<.01). As
expected, Trique listeners were slightly less sensitive to psychoa-
coustic differences between stimuli than French listeners were. In
general, the worst discriminated tonal pairs were among those
which were most psychoacoustically similar. Table 4 compares
discrimination performance and psychoacoustic distance for each
language group.

The effect of the average pitch, pitch slope, and pitch direction
on discrimination accuracy were each evaluated separately in a
two-way logistic regression model with language treated as a
between subjects factor and each of the different cues as within
subjects factors. Separate models evaluated within category and
between category discrimination accuracy for each cue. A signifi-
cant effect of pitch slope on discrimination accuracy was found,
but only on between category discrimination accuracy (}2(2)=
36.2, N=13,056, p <.001). This tonal cue is used to distinguish
contour from level tones. Listeners were more accurate at tonal
discrimination between a contour and a level tone than between
two level tones or two contour (falling) tones. A significant
interaction of language x slope was also found (y2(1)=23.5,
N =13,056, p <.001). This finding reflects the observation that
only Trique listeners were sensitive to the slope of the pitch
contour. Their between category discrimination accuracy was
74.0% correct for tones of differing slope values but 67.6% correct
for tones with the same slope. French listeners’ accuracy was
78.3% correct for tones with differing slope values and 77.6%
correct for tones of the same slope. Pitch direction was a
significant predictor of discrimination accuracy, but only for the
between category continua (y%(2)=25.8, N=13,056, p <.001).
Except for the tonal contrast between [32/ and /31/, this cue
largely overlaps with the slope cue.

A significant effect of pitch level was found for both within and
between category discrimination accuracy (y%(2)=88.8, N=
13,056, p<.001; »2(2)=29.5, N=13,056, p <.001). Listeners
were more accurate perceiving tonal contrasts with different aver-
age pitch levels than with the same pitch level. A significant
language x pitch level interaction was found in the between category
group (x%(1)=15.1, N=13,056, p < .001). This finding reflects the
observation that French listeners were more sensitive to pitch level
as a cue than Trique listeners. Discrimination accuracy among
French listeners for tone contrasts with different average pitches
was 80.8%, but 69.6% for tone contrasts with the same average pitch
level. The difference among Trique listeners was smaller (72.9% and
67.6%). The psychoacoustic distance between stimuli and certain
tonal cue differences accounts for some of the variability in
discrimination performance among the different tonal comparisons.
Yet, these cues are less important in the discrimination of within
category differences than between category differences.
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3. Experiment 2: tonal identification with Trique and French
listeners

To examine the relationship between the discrimination and
identification data, an identification task was carried out. This
experiment was similar to the discrimination task, as it also used
an AXB (2AFC) design, closely following the methods used in Hallé
et al. (2004). The experiment here (and that of Hallé et al.)
differed from typical identification tasks in two important ways.
First, both Trique and French subjects participated in the experi-
ment. As an identification task examines long-term categorical
representations of contrasts, it is uncommon to ask non-native
listeners to participate in such a task. However, this method has
the advantage of offering a comparison with native speaker
identification performance. Second, unlike identification tasks
which present a single stimulus per trial which listeners must
categorize, the task here included three stimuli per trial which
accorded with the structure of an AXB task. The “A” and “B”
stimuli served as prototypical categorical comparisons for stimu-
lus “X” for both subject populations.

3.1. Method

3.1.1. Stimuli

The same stimuli created for use in experiment one were used
in the identification task. As in the previous experiment, continua
were created for six of the seven tonal comparisons. Target words
were embedded in a carrier phrase: [ka*tah® __] ‘Someone said __.
However, the order and step-size were different in the identifica-

tion task (see below).

3.1.2. Procedure

In each trial, subjects listened to three stimuli, the first and last
of which corresponded to the tonal continuum endpoints and the
middle of which corresponded to the test stimulus. Like the
discrimination task, each continuum consisted of eight steps.
Yet, unlike the previous experiment, the target stimulus consisted
of any of the eight possible continua steps. Instructions for the
identification experiment were given to Trique subjects in Span-
ish and to French subjects in French. However, the stimuli were
presented without text. As each trial consisted of three stimuli,
each stimulus was matched with one of three illustrations. The
continuum endpoints were associated with pictures depicting the
word’s meaning and the test stimulus was associated with a still
image of the face of a speaker. For the Trique listeners, subjects
were instructed to determine which phrase the speaker’s face was
repeating. Each stimulus was tested four times (twice for each
presentation order: BXA/AXB), for a total of 32 trials per tonal
comparison block (8), for a total of 256 stimuli.

All stimuli were presented using a script written for Psyscope
(Cohen, MacWhinney, Flatt, & Provost, 1993) and presented on
the author’s Mac iBook G4 laptop. All subjects were seated in a
quiet room at a desk facing the author’s computer. Each subject
listened to the trials over dynamic headphones and responded by
pressing one of the two buttons on the keyboard corresponding to
the left or right stimulus pair (X="A" left and X="B"” right). The
test phase was preceded by a practice block of 32 trials, which
consisted of four trials from each of the eight tonal continua.
Following this practice block, listeners were asked if they under-
stood the instructions of the experiment. Those who did were told
to proceed in the test trials.

3.1.3. Subjects
Seventeen Trique subjects participated in the experiment. One
subject was eliminated due to not having completed the

experiment. All were native speakers of the San Martin Itunyoso
dialect of Trique. For 13 of the 17 Trique subjects, the experiment
took place in the town of San Martin Itunyoso. For the remaining
subjects, the experiment took place in a quiet room in the town of
Tlaxiaco, Mexico. Thirteen French subjects participated in the
identification task. For the French subjects, the experiment took
place in a laboratory at Université Lyon 2, in Lyon, France. All
subjects were between 18 and 45 years old at the time of the
experiment. No subject reported any history of speech or hearing
disorders. Only two of the Trique subjects who participated in the
discrimination task also participated in the identification task.
None of the French subjects who participated in the identification
task participated in the discrimination task. This differs from
typical categorical perception studies where all subjects partici-
pate in discrimination and identification tasks. However, given
the field conditions of this study, it was not possible to recruit
Trique subjects for both experiments.

3.2. Results

For each tonal pair, identification performance was statistically
analyzed using a two factor logistic regression model with
language and continuum step as within subjects factors. A 72 test
was run on each logistic model to determine goodness of fit. While
each tonal pair was statistically analyzed individually (below), a
general effect of language on identification performance was
found for the pooled tonal pairs (}%(64)= 136.1, N=7168,
p<.001), but only a small interaction of continuum step X
language was observed (%2(56)=80.5, N= 7168, p <.05).

A significant effect of language on identification performance
was found for five of the eight tonal pairs. Figs. 8 and 9 show the
identification task performance for Trique and French listeners. In
Fig. 8, an effect of language was only found for tonal pair /T2-T1/
(x%(8)=18.2, N=896, p < .05). Yet, this effect did not reflect any
sensitivity to tonal categories. Rather, Trique subjects were
significantly less likely to categorize stimuli as tone /2/ as French
subjects were. For tonal pairs /T3-T2/, [T1-T31/, and /T2-T31/, no
significant language effects were observed. Trique subjects cate-
gorized stimuli on these continua similarly to French subjects.

In Fig. 9, the effect of language on identification was strongest
for the /T3-T32/ pair, #%(8)=37.3, N=896, p <.001, where a
steeper slope was found in the identification function for Trique
listeners than for French listeners. A significant main effect of
language was also found for the /T2-T32/tonal pair (¥2(8) = 18.0,
N =896, p <.05), for the /T32-T31/tonal pair (y?(8)=16.1, N=
896, p < .05), and for the [T43-T32/ tonal pair (}2(8)=19.5,
N =896, p <.05).

The location of the identification cross-over for each language
was determined by interpolating the location of category change
for each individual speaker for each tonal comparison. These
values were then statistically analyzed with a two-factor ANOVA
with language and tonal comparison as factors. A small, but
significant main effect of language, was observed (F(1,
178)=4.75, p < .05). The identification cross-over occurred later
on the tonal continuum for Trique listeners than for French
listeners. A significant main effect of tonal continuum was also
found (F(7, 178)=5.36, p <.001). The change in identification
occurred earlier for certain tonal comparisons, like /T2-T3/ than
for others. Table 5 shows the identification cross-over locations
for each of the tonal comparisons.

3.3. Relationship between discrimination and identification
The degree of categorical perception among listeners was

determined by comparing predicted discrimination accuracy from
identification performance to the observed discrimination scores
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(Pisoni, 1973; Xu et al., 2006). Predicted discrimination scores
were computed using Eq. (1) (Pollack & Pisoni, 1971). Here, P4
represents the proportion of stimuli identified as “A” at con-
tinuum step i and Pp represents the proportion of stimuli
identified as “A” at continuum step i+2

P* =[1+(Py—P5)*]/2 M

In most studies of categorical perception, the discrimination
performance of individual listeners is compared to their identifi-
cation performance. In the work presented here, the subject pools
differed between the discrimination and identification tasks. As a
result, a direct comparison of the relationship between discrimi-
nation and identification was not possible. Instead, the discrimi-
nation data were converted to a matrix of probabilities. These
were compared to the predicted discrimination accuracy in a
series of matched t-tests. If significant, the tests indicate that
observed discrimination performance is better than predicted
from identification. If not significant, these tests indicate that
observed discrimination performance is not better than predicted.

Statistical analyses were divided into between-category and
within-category discrimination. For between-category differences,
the results found that observed discrimination accuracy was greater

than predicted accuracy across both languages (t(1921)= —15.6,
p < .001). Discrimination accuracy was much higher than predicted
from identification performance (73.1% vs. 61.1%). The same pattern
was observed for within-category differences (t(779)=—25.7,
p <.001). Observed within-category discrimination accuracy was
much higher than predicted (79.9% vs. 55.2%). The predicted and
observed discrimination performance for each language and tonal
comparison are given in Figs. 10 and 11.

The differences between predicted and observed discrimina-
tion accuracy were compared for each language and each tonal
comparison. For French listeners, between-category predicted
accuracy was significantly lower than observed accuracy across
all tonal comparisons (t(1050)=—14.6, p<.001), (60.2% vs.
74.8%). The same pattern was observed for Trique listeners
(t(824)=—-7.5, p<.001), (61.9% vs. 70.7%). Within-category pre-
dicted accuracy was also significantly lower than observed
accuracy for both language groups: French (t(490)=24.5,
p<.001) and Trique (t(300)=12.1, p<.000). However, French
listeners were more sensitive to within-category differences than
Trique listeners were (73.4% vs. 84.5%).

The location of predicted peak locations was estimated for all
speakers who participated in the identification task. This was
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Fig. 9. Identification performance for Trique and French listeners, second four continua. The width of the vertical bar represents a confidence interval with an alpha level
set at .05. The gray outline to each curve represents the standard error of the logistic fit.

Table 5
Location of identification cross-over between languages.

Tonal continuum Identification cross-over (eight point scale)

Trique French
T2-T3 3.90 3.78
T2-T1 4.90 5.02
T1-T31 5.04 4.61
T2-T31 5.11 4.63
T2-T32 5.37 4.77
T3-T32 4.92 433
T32-T31 5.07 4.58
T43-T32 417 4.65

compared to the observed peak location from speakers who
participated in the discrimination task. The difference between
the predicted and observed peak locations by language are shown
in Table 6. For five of the eight tonal continua, the predicted and the
observed peak locations matched more closely (lower difference
score) for Trique listeners than for French listeners. For three of the

continua, T2-T31, T3-T32, and T43-T32, the opposite pattern was
observed. In general, the predicted and observed peak locations
were slightly closer for Trique listeners than for French listeners.
There was a significant difference between predicted and
observed discrimination accuracy for every tonal comparison for
French listeners. Although, for Trique listeners, the difference
between predicted and observed accuracy varied by tonal com-
parison. For tonal pairs [2/-/1/ and [43/-/32/, no differences in
predicted and observed between-category discrimination accuracy
were found. This is notable, as no language x continuum effect
was observed for these tonal pairs in discrimination (see Section
2.2.1). If these tones were perceived more psychoacoustically,
without any apparent sensitivity to categorical boundaries, then
the predicted and observed discrimination accuracy would more
closely correspond. In addition, no differences in predicted and
observed between-category discrimination accuracy were
observed for tonal pairs /3/-/32/ and [2/-/32/. This finding may
more closely reflect categorical perception between these tones.
However, tones [3/ and /32/ were the most psychoacoustically
similar pair and between-category discrimination accuracy was
quite low for Trique listeners. In general, discrimination accuracy
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Fig. 10. Observed discrimination performance (circles) and predicted discrimination performance (dashes) for Trique listeners. Data are plotted on the observed

identification performance.
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Fig. 11. Observed discrimination performance (circles) and predicted discrimination performance (dashes) for French listeners. Data are plotted on the observed

identification performance.

predicted from the identification experiment did not correspond
to the observed accuracy from the discrimination task. Discrimi-
nation accuracy was underestimated.

4. Discussion

4.1. Sensitivity to tonal categories in tone perception

In relation to the criteria for categorical perception stated in
Section 1.1, the findings from these experiments are mixed. First,

Trique listeners did not show more abrupt identification for tonal
contrasts than French listeners. The differences in the labeling
probabilities between languages resulted from differences in the
categorical boundary, not in the slope of the identification func-
tion. Second, while the peakedness of the discrimination function
varied between the language groups, observed peaks in discri-
minability did not correspond to identification boundaries. Third,
within-category discrimination accuracy was much lower for
Trique listeners than between-category discrimination accuracy.
The opposite pattern held for French listeners. For all listeners,
discrimination remained above chance level within the tonal
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Table 6
Difference between predicted and observed peaks in discrimination.

Tonal continuum Differences in peak location (in steps)

Trique French
T2-T3 .051 .104
T2-T1 291 415
T1-T31 194 1.142
T2-T31 1.161 547
T2-T32 174 .624
T3-T32 .380 .064
T32-T31 249 453
T43-T32 .807 439

categories. Finally, little correspondence was found between the
predicted and observed peaks in discrimination. At first glance,
the results from the discrimination experiment appear similar to
those found for the categorical perception of tone. Yet, the
identification data do not suggest a categorical mode of percep-
tion. Instead, a strong language bias occurred in discrimination
and identification, but the behavior of the former was not
mediated by performance in the latter.

Typically, in studies which have found no categorical percep-
tion of tone, no differences in between-category discrimination
accuracy are observed (Abramson, 1979; Avelino, 2003; Connell,
2000). However, the present study differs in important ways from
this previous work. In each of these studies where no categorical
effect was observed, researchers investigated level tones in
citation form. In the current study, stimuli were placed within a
natural speech context. This context offers an extrinsic compar-
ison for native listeners. Such comparisons are necessary for the
categorization of steady-state phenomena, like level tones and
steady state vowels (Mirman, Holt, & McClelland, 2004). Steady-
state phenomena are less likely to be categorically perceived
when presented in isolation. Furthermore, since contextual varia-
bility is much larger for vowels (and tones) than for consonants,
extrinsic effects are much stronger. It is more likely that listeners
will rely on these contextual cues for category identification. If
none are given, there is no categorical perception (Xu et al., 2006).

There were substantial psychoacoustic effects on discrimination
performance. Tonal contrasts differing in only one acoustic cue were
less accurately discriminated than those differing in multiple cues. For
certain tonal pairs differing only in pitch level (/T2-T1/ and /T43-T32/
), no language effect on tonal discrimination was observed. One
explanation for this effect is that minimally-cued tonal contrasts like
these may require more informative extrinsic contexts to produce an
observable language bias. The carrier sentence into which these
comparisons were embedded was phonologically informative, as
the stimuli were adjacent to words with [T3/. However, the context
did not provide any relevant semantic information by which native
listeners could distinguish these pairs.

There is also a strong possibility that native Trique listeners
are simply less sensitive to these tonal contrasts than to other
contrasts. Like tonal pair /T2-T1/, the /T3-T2/ contrast only differs
in pitch level, but it has a much larger functional load. For
instance, tones /1/ and [2/ are rarer in the Trique lexicon than
tone /3/. In a corpus of 1831 words, tone /1/ occurs in only 3.2% of
words and tone /2] occurs in only 3.9% of words. In contrast, tone
/3] occurs in 18.1% of words. Moreover, the difference between
perfective and potential aspect on Trique verbs is minimally
marked by a change from /T3/ to /T2/ (DiCanio, 2010a). Listeners
may be more sensitive to the /T3-T2/ contrast than to the /T2-T1/
contrast because the former is morphologically contrastive. The
/T43-T32/ contrast is also functionally different than other tonal
contrasts. Most words with tone /43/ are loanwords from Spanish,

many of which do not contrast with phonologically similar words
in Trique. Categorical effects in discrimination may be sensitive to
the function of the tonal contrast in the language.

The differences in sensitivity to certain tonal cues between
Trique and French listeners closely matches previous work on
tonal cue sensitivity. Gandour and Harshman (1978) found that
Thai and Yoruba listeners were more sensitive to Fy slope as a
tonal cue than English listeners. In the study here, Trique listeners
were more accurate than French listeners in discriminating
between tonal pairs which differed in Foy slope, while French
listeners were more accurate than Trique listeners in discriminat-
ing between tonal pairs which differed in average F,. This finding
suggests that greater perceptual sensitivity to Fy slope may be a
characteristic of native tone language listeners.

In general, tonal stimuli that were more psychoacoustically
similar were discriminated less accurately. This was true for both
Trique and French listeners. This effect may have resulted from
using an acoustic scale for pitch resynthesis instead of a psychoa-
coustic scale using ERB (equivalent rectangular bandwidth), the
method used in similar studies of tone perception (Hallé et al.,
2004; Xu et al., 2006).3 For instance, discrimination may have
been more difficult in tonal pairs /T2-T1/ and [T3-T32/, as the
frequency difference between steps in each of these continua was
only 3.7 Hz, or 0.45 semitones. This difference approaches the just
noticeable difference (JND) observed for pitch contrasts, which is
typically 2-3 Hz (Hillenbrand & Houde, 1996; Vaerenberg et al.,
2011).

The significance of these factors in tonal discrimination and
the lack of abrupt category boundaries in identification suggest
that Trique listeners rely on the raw acoustic differences in tonal
categorization but are also more sensitive to non-prototypical
tonal exemplars straddling the categorical boundaries. French
listeners relied more on absolute pitch differences in their
discrimination of Trique tones. This finding runs counter to the
claim that native tone language listeners rely more on absolute
pitch differences in tonal discrimination due to their experience
with linguistic tone (Peng et al., 2010).

The results from the identification task suggest that there are
language differences in the location of the perceptual boundaries
for tone. However, differences in the slope of the identification
function were found for only half the tonal comparisons. This
finding differs slightly from findings in the literature stating that
tonal identification curves are always steeper for native speakers
of tone languages than for non-native speakers (Hallé et al., 2004;
Peng et al., 2010; Xu et al., 2006). The steepness of the identifica-
tion curve is generally considered a good measure of categorical
perception, but it was not a strong indicator in the present study.

Sensitivity to tonal category boundaries in discrimination
accuracy was observed for within-category stimuli for Trique
listeners. In typical discrimination tasks, stimuli are presented in
isolation with a short ISI (100-200 ms). The purpose of a short
interval is to ensure that listeners will have access to auditory
memory. Pitch information decays much more slowly than the
transitional cues used for consonants, so it is particularly useful in
the perceptual recall of tones. In the current study, the ISI was set
to 500 ms. Moreover, each target stimulus was preceded by a
carrier word of 500 ms. The long duration between stimuli
(1000 ms) in the discrimination experiment would predict a
greater reliance on phonetic memory in tonal discrimination.
This is precisely what was observed. Native Trique listeners were
less accurate at discriminating within-category phonetic

3 Note that the large number of tonal contrasts in Trique differ in psychoa-
coustic distance from each other. If an ERB scale were used, the number of steps
would have had to differ for each tonal continuum. An acoustic scale obviates this.
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differences than between-category differences because they
relied on more categorical memory representations.

Peaks in discrimination sensitivity for Trique listeners were
shallower than those typically observed in discrimination studies
examining consonantal contrasts, cf. Harnad (1987). A similar
result has been observed for Taiwanese Mandarin listeners (Hallé
et al., 2004). The explanation for this phenomenon lies in how
certain types of processing memory are used by listeners in
speech discrimination. Auditory memory has a short time-span
(between 200 and 300 ms) and does not involve access to
categorical long-term memory representations of speech. Phonetic
memory lasts longer and involves a categorization of the stimulus
based on long-term memory representations (Gerrits & Schouten,
2004; Pisoni, 1973; Repp, 1984). Tonal targets span entire
syllables with their most significant acoustic properties occurring
on the vowel. Consonants have more abrupt acoustic properties
which span a short temporal interval. The decay of changing
acoustic information occurs so quickly for consonants that listen-
ers cannot rely on auditory memory, but must rely on phonetic
memory (Gerrits & Schouten, 2004). Abrupt and canonically
categorical peaks in discrimination occur for contrasts which
span a short temporal interval, but broader, less canonically
categorical peaks in discrimination occur for contrasts spanning
longer temporal intervals. Long interval contrasts like tone
rely more on an auditory mode of processing than short
interval consonantal contrasts. As a result, one predicts shallower
peaks to occur for tonal discrimination than for consonantal
discrimination.

4.2. Tone perception among native and non-native listeners

Across all tonal comparisons, French listeners showed greater
discrimination accuracy than Trique listeners. This finding runs
counter to claims in Burnham et al. (1996) and Hallé et al. (2004),
where native tone language listeners are argued to perform better
in pitch discrimination tasks. However, it accords with findings in
Stagray and Downs (1993), where the authors found that Man-
darin listeners were less sensitive to within-category pitch differ-
ences than English listeners were. The Trique listeners’ data
resembles the native Mandarin listeners data in this respect.

Trique listeners may have also had lower discrimination
performance than French listeners due to cultural differences
between the subject populations. While most of the French
subjects were college-age students who had some familiarity
with the expectations of subjects in experimental research, the
Trique subjects were more varied. They had a larger age-range
(18-45 years old) than the French subjects (18-34 years old).
Many Trique subjects had received college or secondary school
education, but certain subjects had not. Furthermore, there is
little or no familiarity with research in higher education among
Trique speakers. Finally, the discrimination task was given in
Spanish as there is no native-language literacy among the Trique
listeners. Unlike the identification task, which used pictures
instead of written words, the discrimination task required sub-
jects to respond by clicking on words written in Spanish (izquierda
‘left’ and derecha ‘right’). Trique listeners may have been biased to
provide Spanish-like responses since the instructions of the
discrimination task were given in Spanish. However, there is
reason to question this. While it is possible that the Trique
listeners paid less attention to the pitch differences they heard
(since Spanish is non-tonal), the target words did appear
embedded in a Trique sentence. Trique speakers frequently
switch between Trique and Spanish when they are engaged in
conversations with outsiders, speaking Trique between them-
selves, and responding to the outsider in Spanish. The inclusion of
these two languages, side-by-side, is not out of the ordinary in

their language experience. Nevertheless, the language of the
experiment was not explicitly tested as a factor in these experi-
ments and it cannot be discounted as a possible influence on the
ability of Trique listeners to discriminate the tonal contrasts.

Despite these possible cultural differences, the present find-
ings argue that native language listeners do not have an
advantage discriminating native contrasts over non-native lis-
teners. Among segmental contrasts, this is well-established (Best
& Tyler, 2007). For instance, listeners of American English are
better at discriminating certain click consonants than native
listeners of click languages (Best, Traill, Carter, Harrison, & Faber,
2003). One explanation given for this effect is that non-native
listeners will evaluate stimuli based on its similarity to their
native language contrasts (the Perceptual Assimilation Model,
PAM) (Best & Tyler, 2007). However, such an explanation less
clearly applies here to the perception of tone by French listeners.
French has no tonal contrasts and French listeners perform
poorly in the perception of accentual contrasts (Dupoux,
Pallier, Sebastian-Gallés, & Mehler, 1997, 2008). Instead, the
findings here suggest that French listeners use a more purely
auditory mode of perception (Frankish, 2008) and perceive tone
more psychoacoustically.

5. Conclusions

The series of experiments presented here show evidence for a
sensitivity to categorical boundaries in discrimination among
Trique listeners and a language bias in identification. In an AXB
task examining the discrimination of Trique tonal contrasts with
Trique and French listeners, French listeners showed greater
discrimination accuracy than Trique listeners. Trique listeners
showed significant between-category peakedness in discrimina-
tion accuracy and a marked decrease in accuracy in within-
category discrimination, in accord with findings in Stagray and
Downs (1993). No such abrupt changes in discriminability were
observed for French listeners. These findings suggest that Trique
listeners are sensitive to linguistic categories in discriminating
tonal contrasts. However, no clear relationship between discrimi-
nation and identification performance was found. These findings
are in agreement with recent work showing categorical effects in
tone discrimination but little relationship between discrimination
and identification (Francis et al., 2003).

Listeners were sensitive to psychoacoustic differences in the
data. The psychoacoustic distance between tonal stimuli and the
number of cues which distinguished different tones contributed
to their discriminability. Like vowels, one predicts greater psy-
choacoustic and contextual sensitivity to tonal contrasts (Xu et al.,
2006). So, these results are, at least in part, expected. However,
the exact role of these extrinsic cues in the categorization of tone
is a largely unanswered one. For instance, it is generally under-
stood that the listeners are more sensitive to dynamic cues than
static ones (Kewley-Port, Pisoni, & Studdert-Kennedy, 1983;
Mirman et al., 2004). The current paper provides some evidence
for this hypothesis, as listeners were better discriminating tonal
contrasts with a number of cues than contrasts with fewer cues.
Though, it remains to be tested in a more controlled manner. The
hypothesis predicts that listeners would more poorly discriminate
tones differing in only one static dimension (pitch level, intensity)
than tones differing in dynamic cues (pitch slope or spectral
differences). The answer to this particular question may shed
light on how psychoacoustic sensitivities integrate with catego-
rical responses in tone perception, but it remains a question for
future research.
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Appendix A. Supplementary data

Supplementary data associated with this article can be
found in the online version at http://dx.doi.org.10.1016/j.wocn.
2012.05.003.
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