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Abstract: The relative weighting of f0 and vowel reduction in English spoken word recognition at the
sentence level were investigated in one two-alternative forced-choice word identification experiment.
In the experiment, an H* pitch-accented or a deaccented word fragment (e.g., AR- in the word archive)
was presented at the end of a carrier sentence for identification. The results of the experiment revealed
differences in the cue weighting of English lexical stress perception between native and non-native
listeners. For native English listeners, vowel quality was a more prominent cue than f0, while native
Mandarin Chinese listeners employed both vowel quality and f0 in a comparable fashion. These
results suggested that (a) vowel reduction is superior to f0 in signaling initial stress in the words and
(b) f0 facilitates the recognition of word initial stress, which is modulated by first language.

Keywords: pitch accent; English lexical stress; cue weighting; speech perception; non-native listeners

1. Introduction

Most research on speech perception has focused on segmental contrasts rather than
suprasegmental contrasts (e.g., Flege and Wayland 2019; Raphael 2021). The nature of
suprasegmental processing in spoken word recognition has yet to be fully understood and
adequately explained. It is well known that segmental information is essential to distinguish
the target word from competitor words in spoken word recognition as available information
unfolds online (Connine et al. 1994; Marslen-Wilson and Warren 1994; McQueen et al. 1994),
whereas the role of prosodic information in spoken word recognition has generally received
less attention. However, an increasingly large number of studies have revealed that in
addition to segmental information, suprasegmental information also influences spoken
word recognition (Cooper et al. 2002; Soto-Faraco et al. 2001; Van Donselaar et al. 2005).

Previous research has shown that lexical stress modulates lexical access such that word
recognition is facilitated when the visual target matches the auditory prime in its stress
pattern (Connell et al. 2018; Cooper et al. 2002; Reinisch and Weber 2012; Soto-Faraco et al.
2001; Van Donselaar et al. 2005). For example, using cross-modal priming experiments,
Van Donselaar et al. (2005) showed that in Dutch (a language with lexical stress), a prior
auditory prime with the first two syllables of the target word that were appropriately
stressed (e.g., the auditory prime okTO- preceding the visual target oktober, which has
penultimate stress) facilitated the recognition of the corresponding visual target word,
whereas the participants found it more difficult to recognize the target word if the prior
auditory prime was inappropriately stressed (e.g., oktober preceded by OKto-).

However, since multiple acoustic cues can signal lexical stress (see Section 1.2 below),
the dynamic relationship between these cues and the influence of these cues on spoken
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word recognition remains underinvestigated (Chrabaszcz et al. 2014; Zhang and Francis
2010). Additionally, the effect of the sentence-level pitch accent on the processing of lexical
stress has been relatively unexplored (e.g., Liu 2019). Specifically, it is unclear how sentence-
level pitch accents affect listeners’ processing of stress in spoken word recognition and
how it interacts with other cues to lexical stress such as vowel quality and fundamental
frequency (f0). In addition, unlike English, Mandarin Chinese, as a tonal language, uses
f0 as a cue to distinguish meanings between words. Research has demonstrated that the
role of suprasegmental cues (e.g., f0) in distinguishing word meanings in a native language
(L1) impacts the way learners of a second language (L2) apply these cues in the L2 (e.g.,
Qin et al. 2017; Wang et al. 1999; Wayland and Guion 2004). If so, we are curious about
whether native Mandarin Chinese listeners who speak American English can still utilize
f0 to discern English lexical stress despite the presence of sentence-level pitch accents and
how their use of f0 and vowel quality differs from that of native English listeners.

1.1. Stress and Pitch Accent in English

Lexical stress refers to the increased prominence of a syllable within a word, which
can result in lexical contrast (e.g., in English, REcord as noun vs. reCORD as verb). Previous
studies on English lexical stress have identified fundamental frequency, intensity, duration,
and vowel quality as acoustic correlates. These cues are utilized by English listeners for
stress perception (Beckman 1986; Bolinger 1989; Campbell and Beckman 1997; Fry 1955,
1958, 1965; Lieberman 1965; Sluijter and Van Heuven 1996a, 1996b). However, f0 also serves
as a cue to pitch accents within a sentence intonation (Beckman and Ayers 1997; Beckman
and Hirschberg 1994; Ladd 2008). These pitch accents, which align with stressed syllables,
can modify or even override the surface f0 cue of stress in these syllables (Fry 1958).

A pitch accent is added to a word to increase its prominence in the sentence, with the
discourse structure dictating whether words receive a pitch accent and which pitch accent
they have (Ladd 2008). Acoustically, pitch-accented words show an expanded pitch range,
longer duration, and higher intensity compared to deaccented and post-accented words
(Bolinger 1989; Gussenhoven 1994; Ladd 2008; Selkirk 1995). There are five types of pitch
accents in American English described in the ToBI (tone and break indices) transcription:
H*, L*, L* + H, L + H*, and H + !H* (Beckman and Ayers 1997), where H denotes a high-
pitch target, L a low-pitch target, and * alignment to the stressed syllable. However, only
H* (presentational pitch accent) and L + H* (contrastive pitch accent) are relevant for this
study. H* is a high single-tone pitch accent with a gradual rise into the peak of the tone
from the word onset (Beckman and Hirschberg 1994). L + H* is a bitonal low tone and a
high tone on the accented (i.e., stressed) syllable; it contains an L target before leading up
to the H* target (Beckman and Hirschberg 1994). Typically, the H* pitch accent is used to
present new information, while the L + H* pitch accent is used for contrastive references.
For example, in context (a), Speaker B is providing new information as an answer to the
question What did Mary say?; in context (b), Speaker B is trying to make it clear that it is
Mary, not Jane, who said archive.
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Importantly, unlike the H* accent, the L + H* accent triggers deaccenting on the
following words within the same intonational phrase. Thus, for Speaker B’s reply, in
context (a), Mary receives a presentational H* pitch accent and archive receives an H*
pitch accent, while in context (b), only Mary receives an L + H* pitch accent and archive
is deaccented. Acoustically, the stressed syllable of archive in context (a) is marked by a
higher f0 relative to the unstressed syllable, whereas the f0 realized on the stressed syllable
of the deaccented archive in context (b) does not exhibit this distinction (Beckman and Ayers
1997; Beckman and Hirschberg 1994; Ladd 2008). In other words, the F0 cue is present in
H*-accented words to indicate stress, but this cue is absent in deaccented words.

To investigate the effects of different intonation contours (i.e., falling: declarative;
rising: yes/no question) on native English and Mandarin Chinese listeners’ perception
of stress position, Liu (2019) conducted a forced-choice word identification task with 12
noun–verb pairs differing only in their stress pattern (e.g., PERmit vs. perMIT) in the carrier
sentence (i.e., This word is ___./?). The findings indicated that Mandarin speakers had
difficulty accurately perceiving stress positions when high tones were not aligned with
the stressed syllable. In comparison, native English speakers also struggled to perceive
stress accurately, though their misperception was reduced when the stress was on the initial
syllable. It can be concluded that listeners from different L1 backgrounds may be affected
differently by English sentential prosody in terms of cue usage. Moreover, native Mandarin
Chinese listeners might be influenced by tone in their perception of English lexical stress.

1.2. Weighting of Acoustic Cues to English Lexical Stress

According to the cue-weighting theory, speech perception is a multidimensional
process in which listeners may attend to multiple acoustic cues simultaneously to perceive
sound contrasts, but the weight of each cue depends on its informativeness in signaling
the contrasts in the language (Francis et al. 2008; Francis and Nusbaum 2002; Guion and
Pederson 2007; Holt and Lotto 2006; Iverson et al. 2003). Previous findings conflict on
the weight of segmental and suprasegmental cues to lexical stress in English, and the
interaction among these cues remains to be clarified with more research.

As already mentioned above, multiple acoustic cues have been proposed to signal lexi-
cal stress in English: vowel quality, vowel duration, pitch (f0), and intensity (Beckman 1986;
Fry 1955, 1958, 1965; Lieberman 1965; Sluijter and Van Heuven 1996a, 1996b). Compared
with unstressed syllables, stressed syllables have been shown to have greater intensity and
longer duration; additionally, all stressed syllables contain full vowels, whereas unstressed
syllables tend to contain reduced vowels. However, because words may or may not be
accented at the sentence level, f0, therefore, may not consistently be available as a cue to
signal lexical stress (see Section 1.1 above), which motivates this study to investigate the
effect of pitch accent on English lexical stress perception.

Many previous studies have investigated how suprasegmental cues (i.e., f0, duration,
and intensity) influence lexical stress perception (Beckman 1986; Fry 1955; Lieberman
1965). For example, Fry (1955) manipulated the vowel duration ratio and intensity ratio
between the two syllables in words with different stress placements according to word
class (e.g., OBject vs. obJECT) to examine how vowel duration and intensity cues influence
listeners’ judgments of stress. The results showed that although the duration ratio and
the intensity ratio are both cues to stress, the duration ratio emerged as a more effective
cue than the intensity ratio. To further investigate the acoustic correlates of English lexical
stress, Fry (1958) conducted three perceptual experiments to probe the effect of change in
duration, intensity, and f0 on stress judgment with word pairs (e.g., SUBject vs. subJECT).
The first experiment manipulated the duration ratio and intensity ratio as in Fry (1955),
and its results showed that duration was a more effective cue to stress than intensity.
This outcome aligns with Fry’s (1955) findings. The second experiment manipulated the
duration ratio and the f0 ratio between the two vowels in the words to see how these
two cues may interact with each other. The findings revealed that the presence of a step
change in f0 (i.e., which syllable in the word had a higher f0 than the other due to the step
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change in f0) significantly influenced stress perception rather than the magnitude of the f0
change. The same effect of the change in the duration ratio was also observed as in the first
experiment. The third experiment included an f0 change (i.e., linear and curvilinear) within
one syllable to simulate the effect of intonation on the realization of stress in words. The
results demonstrated that “sentence intonation is an overriding factor in determining the
perception of stress and that in this sense the fundamental frequency cue may outweigh
the duration cue” (p. 151).

Like suprasegmental cues, segmental cues also contribute to the perception of lexical
stress in English. Specifically, native English listeners rely more on segmental cues than
suprasegmental cues in stress perception because English lexical stress is consistently sig-
naled by segmental information (full vs. reduced vowels) (Cutler 1986). This hypothesis
was supported by the findings that stress perception is more affected by changes in seg-
mental cues than by changes in suprasegmental cues (Cutler 1986; Cutler and Clifton 1984;
Fear et al. 1995). To investigate how vowel quality interacts with other acoustic cues in
stress perception, Zhang and Francis (2010) conducted three experiments investigating the
perception of English lexical stress by native English and Mandarin Chinese listeners. They
used the production of DEsert (noun) and deSERT (verb) as the tokens. In each experiment,
two acoustic cues realized on the first syllable de- were manipulated in seven steps from
stressed to unstressed values, while the value of the second syllable -sert was held constant.
Combining the findings of the three experiments, it was concluded that the four acoustic
cues were used by native English listeners to perceive English lexical stress, but vowel
quality was a stronger cue to stress than other cues. Compared to native English listeners,
native Mandarin Chinese listeners were more influenced by pitch contour conditions when
processing vowel quality and F0. Specifically, they tended to use vowel quality and F0 as
a combinatorial cue to stress in the natural pitch contour condition but as separate cues
in the flat pitch contour condition. Furthermore, when native Mandarin Chinese listeners
processed vowel quality with duration, they tended to behave like native English listeners
in terms of cue weight in both pitch contour conditions. The results of both native English
and Mandarin Chinese listeners suggested that there is a potential hierarchy of cues in
English stress perception, but the study did not address the relative weighting of supraseg-
mental cues to lexical stress in English since this study did not compare suprasegmental
cues to one another.

1.3. Lexical Stress in Spoken Word Recognition

Research on lexical processing has demonstrated that multiple competing word can-
didates are activated during the retrieval of a target word in spoken word recognition
(Connine et al. 1994, 1997; Goldinger et al. 1989; Marslen-Wilson 1990; Marslen-Wilson and
Warren 1994; McQueen et al. 1994). To distinguish between the target word and competing
word candidates, rapid integration of all available information is required (Marslen-Wilson
and Warren 1994; McQueen et al. 1999). Early research on the use of lexical stress in spoken
word recognition had argued that suprasegmental cues to lexical stress might not constrain
lexical access in English because segmental cues such as vowel quality are highly reliable
for English listeners to identify lexical stress; English stressed syllables always contain
non-reduced vowels, whereas unstressed syllables tend to contain reduced vowels (Halle
and Vergnaud 1987; Hammond 1995).

To investigate the effect of lexical stress in spoken word recognition, Small, Simon, and
Goldberg (Small et al. 1988) conducted a phoneme monitoring task with target phonemes
following disyllabic homographs (e.g., CONtract and conTRACT) and non-homographs (e.g.,
NAPkin, regular words with only one legal stress placement). The task was to examine par-
ticipants’ response speed to the target phoneme preceded by correctly or incorrectly stressed
homographs and non-homographs (e.g., Mary was a recent CONvert/conVERT/NAPkin (f)rom
Catholicism; /f/ is the target phoneme). The results showed that the participants’ response
speed was slower when the target phonemes were preceded by incorrectly stressed non-
homograph words than when the target phonemes were preceded by correctly stressed non-
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homograph words, while the participants’ response speeds to detect the target phonemes
after correctly or incorrectly stressed homograph words were similar. The authors ex-
plained that the absence of a stress effect for homograph words was probably due to the
participants’ failure to pay enough attention to the lexical stress of the test words. This
study suggested that prosodic information may be helpful in spoken word recognition
since there was an effect of stress for non-homograph words.

However, the methods used in previous research may have made it difficult to tap into
the effect of suprasegmental information on spoken word recognition. One concern about
the earlier studies is that the participants were asked to respond after hearing the whole
word. It may be the case that, in English, suprasegmental information becomes less useful
for spoken word recognition once all the necessary segmental information has been heard,
because there are very few segmentally near-identical but suprasegmentally distinct words
in English. The significance of suprasegmental information for spoken word recognition can
be quantified using a measure called functional load, which measures the extent to which a
language utilizesa contrast (Hockett 1955; Martinet [1960] 1964). Surendran and Levow
(2004) quantified the functional load of consonants, vowels, and stress/tones in English,
Dutch, German, and Mandarin Chinese over two levels of phonological units: words and
syllables. If the functional load of a contrast is higher than that of another contrast, then
it encodes more information by the language. Comparing the functional load of different
contrasts can reveal whether one type of contrast encodes more information than another,
e.g., the amount of information encoded by stress can be higher or lower than those by
other contrasts (consonants and vowels). The relative amount of information encoded by
the same set of contrasts can vary depending on the linguistic unit being considered to carry
information, e.g., relative to consonants and vowels, the amount of information encoded
by stress in words might be different from that in syllables. They observed that, for English,
the word-level functional load of stress is 490 times lower than that of vowels and 213 times
lower than that of consonants, while the syllable-level functional load of stress is 5 times
lower than that of vowels and 11.5 times lower than that of consonants. This functional load
study suggests that English word structure makes stress relatively less important compared
to syllable structure. Therefore, it would be better to tap into the effect of suprasegmental
information on word recognition with words whose first syllables are segmentally identical
but suprasegmentally distinct (e.g., DIStance vs. disTINCT). If suprasegmental information
is used at an early stage in spoken word recognition, native listeners may respond faster to
words whose first syllable matches the input segmentally and suprasegmentally compared
with words whose first syllable only matches the input segmentally.

To further investigate the use of segmental and suprasegmental cues to stress in
spoken word recognition, Connell et al. (2018) conducted a visual-world eye-tracking
experiment with native English listeners and Chinese learners of English. They found
that English listeners can use segmental and suprasegmental cues together to recognize
English words, while Mandarin listeners were unable to use stress to access words when
the segmental and suprasegmental cues were different between the first syllable of the
target and competitor words. The authors ascribed the inability of Mandarin listeners to
use suprasegmental cues in the vowel-reduction condition to the fact that reduced vowels
in Standard Mandarin cannot appear in word-initial position, but this still does not fully
explain Mandarin listeners’ performance in the vowel-reduction condition.

Although previous studies have discussed how different cues to English lexical stress
affect spoken word recognition, it is unclear whether (and if so, how) segmental cues to
lexical stress (vowel quality) interact with suprasegmental cues (f0) in different sentence-
level pitch accent contexts in English spoken word recognition given that f0 has been
shown to also be a cue to intonational pitch accents (Beckman and Ayers 1997; Beckman
and Hirschberg 1994; Ladd 2008). Specifically, given the greater weight of vowel quality
cues to English lexical stress compared to f0 cues (Chrabaszcz et al. 2014; Zhang and Francis
2010), it is unclear whether f0 cues have a stronger effect on the perception of lexical stress
when vowel quality cues are absent. This question was investigated with a forced-choice



Languages 2024, 9, 87 6 of 17

word identification experiment with native English listeners. Their perception of English
lexical stress was examined in different sentential contexts where the target word was
accented or deaccented.

The following questions guided the study:

1. Are H*-accented di- and trisyllabic words with initial stress more accurately identified
than deaccented disyllabic and trisyllabic words with initial stress?

2. Is f0 as effective as vowel quality in signaling initial stress in H*-accented and deac-
cented di- and trisyllabic words?

3. How do native Mandarin listeners perceive English lexical stress in H*-accented and
deaccented di- and trisyllabic words in comparison to native English listeners?

For question 1, it was predicted that the H* pitch accent would have an enhancing
effect on the use of lexical stress in spoken word recognition when the target and the
competitor word differ solely in suprasegmental cues to stress compared to when they
differ in both segmental and suprasegmental cues. For question 2, it was predicted that f0
would be less effective than vowel quality in signaling lexical stress and that, compared
to Mandarin Chinese listeners, English listeners would perform better in identifying the
initially stressed target word when the corresponding vowel of its competitor is reduced
than when it is unreduced regardless of whether the target word is accented or not. For
question 3, we predicted that if there is a facilitating effect of pitch accent, native Mandarin
listeners would show a shorter response time and higher accuracy when the target word
is accented, and the weight of vowel quality to stress perception would be diminished to
some extent.

2. Methods
2.1. Participants

This experiment tested thirty-nine native English listeners and thirty-eight native
Mandarin Chinese listeners who speak American English. The responses of four native
English listeners and nine non-native English listeners were excluded due to low accuracy
(i.e., below 78%, which is 1 standard deviation below the mean) in the filler trials. These
participants completed a language background survey to confirm English or Mandarin
Chinese as their first and dominant language and to report their biographical information
such as age, gender, and residence status. None of the participants included in the analy-
ses reported speech-, hearing-, or language-related disorders, and they were monetarily
compensated for their participation.

2.2. Stimuli

Participants heard a word fragment (e.g., the first and stressed syllable AR- of the
word ARchive) at the end of a carrier sentence (Mary said ___) and had to choose one of two
words on the computer screen (e.g., either archive or arcade). Two different versions of the
carrier sentence were used (1 and 2 below). In the first version (1), Mary was produced
with a presentational H* pitch accent, and the word fragment was produced with an H*
pitch accent. In the second version, Mary was produced with a contrastive L + H* pitch
accent, and the target word fragment was deaccented.

In other words, both carrier sentences ended with the first syllable of the target word
(e.g., the first syllable “AR” in the word “archive”). In addition, two experimental conditions
were implemented: the non-vowel-reduction and the vowel-reduction conditions. In the
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non-vowel-reduction condition, the first vowel of the competitor word was produced
without a vowel reduction (e.g., target—archive ["Aô. kaIv]—vs. competitor—arCADE [Aô.
"kejd]). On the other hand, the first vowel was reduced in the vowel-reduction condition
(e.g., target—CONcept ["kAn. sEpt]—vs. competitor—conCERN [k@n."sÇn]).

Since the availability of f0 cues to lexical stress is dependent on pitch accenting at the
sentence level, this study manipulated whether the target word was accented or deaccented
by using carrier sentences that elicited or did not elicit a pitch accent on the target word.
As shown in Table 1, “Mary” in carrier sentence (a) has a presentational pitch accent
(H*), while in carrier sentence (b), it has a contrastive pitch accent (L + H*). The acoustic
measurements of the word Mary and said in the two carrier sentences are given in Table 2.
The corresponding spectrogram of each carrier sentence is presented in Figure 1. The
manipulation of the pitch accent on the subject of the sentence has consequences for the
realization of the target word in carrier sentence (a), and the target word is H*-accented, so
the f0 realized on the stressed syllable is higher than that on the unstressed syllable, making
it easier to identify stress, while in carrier sentence (b), the target word is deaccented, so
the difference in f0 between the stressed and the unstressed syllable is less pronounced,
thus making stress identification challenging.

Thirty pairs of disyllabic and trisyllabic critical target and competitor words were
used as the experimental words, equally distributed in vowel-reduction and non-vowel-
reduction conditions (see Appendix A). Fifty-one words in the critical trials were selected
from Connell et al. (2018), and the remaining words in the critical trials were selected from
the CELEX lexical database (Baayen et al. 1996). The first syllable of the target words was
stressed with a full vowel in both the vowel-reduction and non-vowel-reduction conditions,
but the first syllable of the competitor words was unstressed without vowel reduction
in the non-vowel-reduction condition and with vowel reduction in the vowel-reduction
condition. The number of letters and the number of syllables were matched between the
words in a pair within each condition (see Appendix B), without significant differences
shown in paired-samples t-tests (number of letters: t(29) = 0.135, p = 0.894; number of
syllables: t(29) = 1.278, p = 0.211).

Table 1. Sample test items across conditions.

Carrier Sentence No Vowel Reduction Vowel Reduction
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ization of the target word in carrier sentence (a), and the target word is H*-accented, so 
the f0 realized on the stressed syllable is higher than that on the unstressed syllable, mak-
ing it easier to identify stress, while in carrier sentence (b), the target word is deaccented, 
so the difference in f0 between the stressed and the unstressed syllable is less pronounced, 
thus making stress identification challenging. 

Table 1. Sample test items across conditions. 

Carrier Sentence No Vowel Reduction Vowel Reduction 

 

ARchive 
(vs. arCADE) 

CONcept 
(vs. conCERN) 

 

ARchive 
(vs. arCADE) 

CONcept 
(vs. conCERN) 

Table 2. Acoustic characteristics of the words in two carrier sentences. 

Carrier Sentence (a) Max f0 (Hz) Min f0 (Hz) Mean f0 (Hz) Mean Intensity (dB) Duration (ms) 
Mary 231  207  222  72  327  

ARchive
(vs. arCADE)

CONcept
(vs. conCERN)

Table 2. Acoustic characteristics of the words in two carrier sentences.

Carrier Sentence (a) Max f0 (Hz) Min f0 (Hz) Mean f0 (Hz) Mean Intensity (dB) Duration (ms)

Mary 231 207 222 72 327
said 221 202 208 68 214

Carrier Sentence (b)
Mary 212 175 194 72 398
said 182 160 171 61 215
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Figure 1. Spectrograms of carrier sentences with annotation. The blue lines on the spectrograms
are the pitch contour. The (left) spectrogram is of carrier sentence with H* on Mary, and the (right)
spectrogram is of carrier sentence with L + H* on Mary.

In addition, to control the differences between the target word and the competitor
word in a pair, we also examined the word frequency and prevalence of these words. The
word frequency was derived from the SUBTLEX-US corpus (Brysbaert and New 2009),
which was expressed as a standardized log-transformed Zipf score (Brysbaert et al. 2018;
van Heuven et al. 2014). Word prevalence indicates the number of people who know the
word, which was obtained from an online study with over 220,000 participants (Brysbaert
et al. 2019). The paired-sample t test showed that there was no significant difference between
the target and competitor words in terms of word frequency (t(29) = 0.019, p = 0.985) and
prevalence (t(29) = −0.582, p = 0.565).

Sixty-four filler trials were also included in the experiment, interspersed with the
critical trials. The filler trials were used to counterbalance the stress status of the word
fragments (i.e., stressed vs. unstressed) in the carrier sentences in the entire experiment. In
the filler trials, 16 of the target words were stressed on the first syllable, and the remaining
48 target words were stressed on the second syllables. The first syllable of the target words
in the filler trials were segmentally different from that of their competitor words (e.g., HAbit
vs. hoTEL), except for the first segment in the first syllable.

One phonetically trained female native speaker of General American English was
instructed to record the auditory stimuli. The recording was conducted using a Lenovo
Ideapad Flex 4 laptop with a built-in microphone at a sampling rate of 44,100 kHz and a
16-bit amplitude resolution in a sound-attenuated environment. The speaker produced
the same target words in the two carrier sentences, with each sentence being repeated
five times. To keep the difference in the duration of the segmented syllables minimal, one
recording of each carrier sentence was selected for the experiment. The first syllable of
the target words was extracted from their original production at a segmentation point
near the offset of the syllable that was sufficiently early to prevent coarticulatory spectral
information from signaling the segmental content of the subsequent syllable. For example,
the first syllable of antonym will be cut before the presence of spectral information of
the next segment/t/. The extraction was carried out in Praat (Boersma and Weenink
2021) and checked by a trained phonetician. The extracted fragment of the target word
was concatenated with its original carrier sentence in Praat. To determine the quality
of the segmentation for the following experiment, two native English speakers and two
Mandarin speakers who were not participants in the test were invited to verify the absence
of coarticulatory information in the segmented syllables. They heard the segmented syllable
(e.g., the first syllable mer- in the word merchandise) and then were given two-word choices
(e.g., merchandise vs. merciful, one with the correct segmental continuation and one with the
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incorrect segmental continuation, and both with the same stress) to see if they could predict
the correct segmental continuation based on the segmented syllable they hear. If the cut-off
point was sufficiently early, they should not have been able to predict the correct segmental
continuation. Since three out of four participants achieved an accuracy score below 50%,
which is the chance level, in this pilot study, the segmentation of the stimuli was deemed
successful in excluding coarticulatory effects of nearby segments. The extracted syllables
from the target words were spliced with their original carrier sentence (the same carrier
sentence for all the stimuli) to which the target word belonged, which were performed
using the Concatenate function in Praat. The duration, mean f0, and mean intensity were
extracted from the first syllables of the target words using the ProsodyPro script in Praat
(Version 5.7.8.7) (Xu 2013). To validate the stimuli for the perception experiment, simple
linear regressions were performed to see whether the first syllable of the target words
differed between the accented and the deaccented conditions in terms of duration, mean f0,
and mean intensity. In each regression model, the fixed factor was the pitch accent context,
and the response variable would be one of the acoustic measures (i.e., duration, mean f0,
and mean intensity). The results indicated that there was only a significant main effect
of the pitch accent context for mean f0 and mean intensity but not for duration (mean f0:
Est. = −60.541, SE = 6.903, t = −8.77, p < 0.001; mean intensity: Est. = −9.240, SE = 0.761, t
= −12.14, p < 0.001). To reduce the effect of intensity, the intensity of each stimulus was
normalized to 70 dB based on the root-mean-square (RMS) amplitude using Chad Vicenik’s
Praat script1.

2.3. Procedure

All participants completed a forced-choice word identification task on the experimental
platform FindingFive (FindingFive Team 2019). Each participant was instructed to complete
the experiment using their headphones in a quiet room. The participants heard auditory
sentences ending with a word fragment, and two-word choices subsequently appeared
on the computer screen. The participants were instructed to select the word they thought
the auditory fragment they heard belonged to. To respond, they were required to put
their index fingers on the keyboard and press the key corresponding to their response
(“F” key = left word, “J” key = right word). The accuracy of each trial was recorded.
A practice session of five target–competitor pairs from the filler trials with segmentally and
suprasegmentally different first syllables (e.g., seLECT vs. CANvass) was provided to the
participants before the beginning of the experiment with feedback on the accuracy of their
responses. The participants would proceed to the experiment regardless of their practice
accuracy. No feedback was provided during the experiment. There were two blocks in the
experiment, and each block contained 62 trials that were randomized within the block. The
participants were evenly assigned to either group A, with blocks in sequential order, or
group B, starting with the second block and then the first block, in the experiment. The
complete forced-choice word identification task took approximately 20 min.

2.4. Data Analysis

The dependent variable of Experiment 1 was the accuracy of the response. The within-
subject independent variables were vowel reduction (non-vowel-reduction vs. vowel-
reduction) and pitch accent (accented vs. deaccented). In the non-vowel-reduction con-
dition, the vowel in the first syllable of the competitor word was full, while in the vowel-
reduction condition, the vowel in the first syllable of the competitor word was reduced. For
the accented condition, the extracted syllable came from the target word produced with the
carrier sentence (a), while in the deaccented condition, the extracted syllable came from
the target word produced with the carrier sentence (b). These two variables were the fixed
factors in the logistic mixed-effects regression model.

For the random effect structure, we also included random intercepts by the participant
and item in the models. The logistic mixed-effects regression model was performed using
the glmer() function from the lme4 package in R (Bates et al. 2015; R Core Team 2022). The
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“bobyqa” optimizer was used, and the maximum number of function evaluations for the
optimizer (maxfun) was set to 10,000. The full model is provided as follows in the syntax of R:

glmer(Accuracy ~ Pitch Accent * Vowel Reduction + (1|Participant) + (1|Item), data, family = binomial(“logit”),
control = glmerControl(optimizer = “bobyqa”, optCtrl = list(maxfun = 10,000)))

3. Results
3.1. Native English Listeners

Figure 2 shows the native English listeners’ identification accuracy rate, and Table 3
presents the summary of the coefficients of the fixed effects in the logistic mixed-effects
regression model on the responses of the native English listeners.
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Table 3. Model parameters for the logistic mixed-effects model on accuracy of native English listeners.

Predictors β SE z p

(Intercept) 1.468 0.125 11.762 <0.001
Pitch accent (deaccented) −0.241 0.170 −1.414 0.157
Vowel reduction (vowel-reduction) 1.661 0.174 9.553 <0.001
Pitch accent (deaccented):

vowel red (vowel-reduction) −0.082 0.340 −0.241 0.809

Random Effects
σ2 3.29
τ00 stimuli 0.21
τ00 participant 0.27
ICC 0.13

Marginal R2/Conditional R2 0.158/0.264
Note: p-values < 0.05 are bolded and their corresponding variables are statistically significant.

The R-squared value of 0.264 suggested that the model explained 26.4% of the variance
in the responses. As shown in Table 3, we found a significant main effect of vowel reduction
(β = 1.661, SE = 0.174, z = 9.553, p < 0.001), suggesting that the native English listeners’
identification accuracy rate was significantly higher when the initial vowel of the competitor
word was reduced (M = 89.0% ± 9.3%) than when it was not reduced (M = 64.1% ± 12.3%).
However, there was no significant main effect of pitch accent (β = −0.241, SE = 0.170,
z = −1.414, p = 0.157). The interaction between pitch accent and vowel reduction was also
not significant (β = −0.082, SE = 0.340, z = −0.241, p = 0.809).



Languages 2024, 9, 87 11 of 17

3.2. Native Mandarin Chinese Listeners

Figure 3 shows the native Mandarin Chinese listeners’ identification accuracy rate,
and Table 4 presents the summary of the coefficients of the fixed effects in the logistic
mixed-effects regression model on the responses of the native Mandarin Chinese listeners.
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Figure 3. The accuracy rates by pitch accent (left) and the accuracy rates by vowel reduction (right)
by native Mandarin Chinese listeners. The box spans from the first quartile to the third quartile. The
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Table 4. Model parameters for the logistic mixed-effects model on accuracy of native Mandarin
Chinese listeners.

Predictors β SE z p

(Intercept) 0.665 0.137 4.850 <0.001
Pitch accent (deaccented) −0.728 0.230 −3.170 0.002
Vowel reduction (vowel-reduction) 1.339 0.231 5.801 <0.001
Pitch accent (deaccented):

vowel reduction (vowel-reduction) −0.404 0.459 −0.880 0.379

Random Effects
σ2 3.29
τ00 stimuli 0.59
τ00 participant 0.16
ICC 0.19

Marginal R2/Conditional R2 0.128/0.289
Note: p-values < 0.05 are bolded and their corresponding variables are statistically significant.

The model’s R-squared value was 0.289, indicating that 28.9% of the variance in the
responses was explained by the model’s fixed and random effects. As shown in Table 4,
we found a significant main effect of vowel reduction (β = 1.339, SE = 0.231, z = 5.801,
p < 0.001), suggesting that the non-native English listeners’ identification accuracy rate
was significantly higher when the initial vowel of the competitor word was reduced
(M = 75.3% ± 12.0%) than when it was not reduced (M = 50.1% ± 13.6%). In addition,
there was a significant main effect of pitch accent (β = −0.728, SE = 0.230, z = −3.170,
p < 0.05), suggesting that the non-native English listeners’ identification accuracy rate was
significantly higher when the target word was accented (M = 69.5% ± 10.9%) than when
the target word was deaccented (M = 55.9% ± 13.8%). The interaction between pitch accent
and vowel reduction was not significant (β = −0.404, SE = 0.459, z = −0.880, p = 0.379).

4. Discussion

The results provided clear evidence that different cues were used differently by the
native English and Mandarin Chinese listeners in the perception of English lexical stress.
The native English listeners primarily relied on vowel quality as a cue for English lexical
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stress, which is consistent with the results of Chrabaszcz et al. (2014). On the other
hand, the native Mandarin Chinese listeners employed both vowel quality and f0 in an
equivalent manner for the perception of English lexical stress. The higher accuracy of word
identification response in the vowel-reduction condition than in the non-vowel-reduction
condition suggested that both the native English and Mandarin Chinese listeners relied
on the segmental difference in the first syllable of the two words to identify the target
word. For the native Mandarin Chinese listeners only, their accuracy was higher in the
accented condition than in the deaccented condition, suggesting a similar degree of reliance
on f0 relative to vowel quality to identify lexical stress in spoken word recognition in
both conditions.

Our findings with respect to native Mandarin Chinese listeners partially corroborate
the conclusions of Zhang and Francis (2010) that vowel quality and f0 are both utilized
by native Mandarin Chinese listeners to identify English lexical stress. Zhang and Francis
(2010) found that vowel quality and f0 were used as a combinatorial cue to stress, whereas
our study revealed that native Mandarin Chinese listeners employed these two cues
independently, as evidenced by the lack of a significant interaction between pitch accent
and vowel reduction. As opposed to native English listeners, native Mandarin Chinese
listeners utilize f0 as an extra cue to identify English lexical stress. This could be attributed
to the extensive use of f0 as a cue to tone in Mandarin. Moreover, native Mandarin Chinese
listeners may rely on multiple cues depending on how accessible they are.

Native English listeners do not seem to be affected by pitch accent, which could
be attributed to two possible causes. First, f0 is not a stable cue to lexical stress at the
sentence level due to the fact that either a low or a high f0 may be associated with a stressed
syllable. As Liu (2019) demonstrated, English disyllabic nouns with initial stress were
poorly identified by native English listeners when produced with an L* pitch accent in a
sentence ending with a rising intonation contour (L* H-H%). In this case, misalignment
between pitch height and stressed syllable (stressed syllable aligned with a low pitch) has
a strong and negative impact on spoken word recognition even among native English
listeners. Thus, while f0 can function as a cue to lexical stress, its inconsistent association
with stressed and unstressed syllables at the sentence level renders it a less reliable cue,
in comparison to vowel quality and duration. Second, it might have been difficult for the
listeners to perceive stress on the truncated syllables due to their short durations, even
though they were extracted from the target word with stress on the first syllable. The
brevity of the truncated syllable made it difficult for the target word to be distinguished
from the competitor word. In other words, the listeners may not have been sensitive to
the f0 change in the accented syllable induced by a sentence-level pitch accent due to its
relatively short duration. A follow-up study could include target truncated syllables with
enhanced f0 or lengthened duration.

Why did the participants select the less familiar word, as opposed to the more familiar
word, as a strategy? Initially, we thought it may have a relationship with the duration of the
truncated syllable. In a gating task, Tyler (1984) found that participants had a preference
for high-frequency words only up to 150 ms, and afterwards, more low-frequency words
were elicited. This provides converging evidence for our assumption, since most of the
truncated syllables in our study had a duration of over 150 ms. We speculate that this
might have something to do with how listeners allocate more perceptual effort during the
processing of the first syllable of a less probable word. In a cross-linguistic study by King
and Wedel (2020), it was found that segment composition within a word is optimized to
provide listeners greater disambiguating information as they identify words in the speech
stream. Specifically, less probable words tend to be composed of segments that are of
higher informativity (informativity is defined as the average unpredictability) towards the
beginning of the words. Perceptual studies have shown that listeners are more accurate
at perceiving segments that are more informative (e.g., Bennett et al. 2018). These find-
ings suggest that listeners are perceptually tuned to selectively attend to those phonetic
dimensions that are informative (Davidson et al. 2007; Holt and Lotto 2006; McGuire 2007).
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Together, these findings on how informative segments are distributed in the lexicon
and how listeners are perceptually tuned to attend to high-information segments would
suggest that listeners are accustomed to allocating more perceptual effort to the first syllable
of a less probable word. Our listeners might have associated their perceptual effort toward
the truncated word fragments with how prevalent they expected the target words to be.
Given that our experiment required listeners to use only a word fragment to identify a
word, we would expect listeners to generally allocate a high level of perceptual effort. The
listeners could therefore develop a strategy to select the less probable word, which typically
requires a high level of perceptual effort. To further account for the lexical processing
mechanism behind this strategy, future studies are needed to explore the extent of word
prevalence as a word processing strategy.

The findings of our study provide supporting evidence to a multisystemic model of
L2 rhythm acquisition, in which various rhythm-related linguistic–systemic features are
acquired under the L1 effect (Li and Post 2014). In our study, we found that both native
English and Mandarin Chinese listeners can use vowel quality as a cue to English lexical
stress, suggesting that native Chinese listeners have acquired certain prosodic features
in their L2 English. However, compared to native English listeners, native Mandarin
Chinese listeners also rely more on f0 in the perception of English lexical stress, suggesting
a potential transfer effect of their L1 prosodic features. In this case, native Mandarin
Chinese listeners’ acquisition of L2 English lexical stress could fit into the multisystemic
model of L2 rhythm acquisition such that they acquire both the prosodic features of English
and the implementation of the prosodic differences between L1 Mandarin Chinese and L2
English. Broadly, if we treat L2 rhythm acquisition as a dynamic process (De Bot et al. 2007),
we need to consider the interconnectedness between the subsystems to better account for
L2 rhythm acquisition.

5. Conclusions

The findings of this study demonstrated that native English and Mandarin Chinese
listeners vary in their use of vowel quality and f0 in the perception of English lexical stress.
Native English speakers rely more heavily on vowel quality than f0 to identify lexical stress
in spoken word recognition, whereas native Mandarin Chinese listeners rely equally on
both vowel quality and f0. Compared to vowel quality, f0, the main acoustic correlate of
pitch accent, is more susceptible to change in sentences with different intonational patterns,
rendering it a less stable and thus less reliable cue for word-level stress, but its cue weight
may be adjusted by native Mandarin Chinese listeners due to their first language’s prosodic
features.
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Appendix A

Table A1. Target and competitor words in experimental trials.

Non-Vowel-Reduction Condition Vowel-Reduction Condition

Target Competitor Target Competitor

antonym antenna advocate advisor
archive arcade column cologne
campus campaign commerce command
carnival carnation continent container
distance distaste concept concern

instrument instructor concert conceit
intellect intestine confluence confusion
introvert intruder promise promotion
monster monsoon motive material
musical museum congress congratulate
mister mistake parrot parade

particle partition polisher policeman
booking bouquet programmer procurer

ambulance ambition providence provider
district destroy purchase pursue

Table A2. Target and competitor words in filler trials.

Target Competitor Target Competitor

motel mystery activity absolute
Manhattan monarch antique alternate

parole Paris biologist blackmail
dismissal diplomat canteen capture
suggest summer cartel carefree
amnesia altitude diameter deviate

inspection illustrate incise iceberg
Mercedes mediate invasion ignorance

trustee truthful machine motion
receipt relative pursuit protest
reward rocket review rubric
gorilla governor routine ribbon

consent clumsy deception discount
reactor relevant percussion prospect

direction dialect distinct diamond
retention registry distress delegate

Table A3. Target and competitor words in filler trials.

Target Competitor Target Competitor

habit hotel secrete season
cancel collapse bizarre bargain
butter balloon between biscuit
tunnel tattoo neglect nocturne
captain canal polite panel

atmosphere approach promote principle
debut dilute conceal canvass

pavement patrol freebie forever
funeral forget ferment fellow

passport possess guitar garden
solider suppose lament legend
option obscure reserve rescue
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Table A3. Cont.

Target Competitor Target Competitor

college cocoon career carbon
empire emission peculiar porridge
formula forbid success summon
palace pecan respond ruthless

Appendix B

Table A4. Word frequency, word prevalence, number of letters, and number of syllables of words in
experimental trials.

Word Frequency
M (SD)

Word Prevalence
M (SD)

No. of Letters
M (SD)

No. of Syllables
M (SD)

non-vowel-reduction
target 3.63 (0.97) 2.33 (0.18) 7.73 (1.16) 2.53 (0.52)
competitor 3.56 (0.73) 2.27 (0.22) 7.73 (1.16) 2.47 (0.52)

vowel-reduction
target 3.61 (0.76) 2.29 (0.33) 7.87 (1.41) 2.40 (0.51)
competitor 3.70 (0.76) 2.27 (0.28) 7.93 (1.53) 2.73 (0.70)

Note
1 Available at: http://phonetics.linguistics.ucla.edu/facilities/acoustic/IntensityScaler.txt (accessed on 16 September 2020).
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