ABSTRACT

Metrical structure (e.g., PREsent vs. preSENT) and segmental structure (e.g., dot vs. pot)
are two important cues for differentiating word meanings in English. However, it is not clear
whether they are independently or jointly stored in lexical representation. The current study
explored this question through the lens of speech planning. In addition, we investigated whether
individual differences in working memory capacity (WMC) and music perception skills
moderate the effect of word pair characteristics on speech planning difficulty. To study these
questions, we adapted the tongue-twister word pair repetition paradigm used by Myers and
Watson (2021), and fully crossed metrical overlap, initial stress, and initial segmental overlap.
We also calculated the phonological distance between the two words in each word pair.
Participants repeated word pairs as quickly as possible while being audio-recorded and
completed a series of standardized assessments of WMC and music perception skills. Speech
planning difficulty was measured as mean word pair duration, number of correct and complete
repetitions, and number of speech errors. We found that speech production was more challenging
when the word pair had metrical overlap or segmental overlap, suggesting a joint representation
of metrical structure and segmental structure. Speech production was also more challenging
when the first syllable was unstressed. There was no moderation effect of individual differences
in WMC and music perception skill on the relationship between word pair characteristics and
speech planning difficulty. The implications on lexical representation, speech planning, and the

connection between music processing and language processing are discussed.
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INTRODUCTION

A written dictionary can include a variety of information about each entry (i.e., word).
English dictionaries, for example, list spelling, pronunciation (including phonemes and the stress
pattern), meanings, and sometimes example sentences and etymology. The human mental
lexicon is like a dictionary in the mind. Similar to dictionaries, we store information for each
entry in our mental lexicon. The information stored with each entry is called the lexical
representation. This analogy between a written dictionary and a mental lexicon guides cognitive
scientists to one of the fundamental questions of language: What information is stored in lexical
representations? Is it the same as the information provided in a dictionary? The current study
focused on metrical structure (i.e., the stress pattern in words). Specifically, using a tongue-
twister word pair repetition paradigm, we aimed to explore whether metrical structure is stored
independently in our lexical representation, or, similar to its representation in dictionaries, is
stored with phonemic information. Additionally, given that different versions of dictionaries may
list different information for each word and may have varied organizations of the information,
does everyone organize and use their mental lexicon in the same way? The current study
explored whether and how individual differences in working memory capacity (WMC) and
music perception skills may affect the organization and use of mental lexicon. Understanding
these questions would advance our knowledge of how people access and process words in speech

production.



Lexical Representation

A phoneme, or segment, is the smallest unit of sound in a language that distinguishes the
meaning of one word from another. For example, /p/' and /d/ are phonemes in English because
pot has a different meaning than dot. Phonemes are further categorized as vowels and
consonants. Syllable is the next large unit of sound that includes minimally a nucleus (most often
a vowel), and optional onsets and codas (consonants). For example, while the word metrical has
8 phonemes (/m/, /¢/, /t/, 3/, 1/, /k/, /a/, /1/), it only has 3 syllables (/me/, /tur/, /kal/). In addition to
phonemes, the metrical structure (i.e., the sequence of stressed and unstressed syllables) is also
important for differentiating meanings of words in English (e.g., PREsent vs. preSENT).
However, it is unclear whether there is an abstract metrical structure in lexical representation.
That is, is metrical structure bound with phonemes, or are metrical structure and segmental
structure two independent representations?

One possibility is that there is an abstract metrical structure in lexical representation, such
that the planning of metrical structure is independent of the selection of phonemes (Levelt et al.,
1999; Roelofs, 1997; Roelofs & Meyer, 1998). In other words, metrical structure and segmental
structure are two independent full representations. According to this account, metrical structure
and individual phonemes are retrieved in parallel. The retrieved metrical structures specify
whether each syllable is stressed or not, and the retrieved phonemes are distributed to these
syllables. That is, the planning of word sounds is finished in two steps: The first step is the
parallel retrieval of metrical structure and phonemes, and the second step is the association of the

metrical structure and phonemes, as described in the word encoding via activation and

! Following standard notation, phonemes as defined by the International Phonetic Alphabet (IPA) are
indicated using slash notation.



verification (WEAVER) model (Roelofs, 1997). For example, when we access the word “arrow,”
we know there are two syllables, with the first syllable being stressed and the second syllable
being unstressed. We also know that the segments, or phonemes, of this word are /¢/, /r/, and
/ou/. Then we slot these phonemes into the syllable positions, forming /¢/ and /rov/. Finally, the
first syllable is stressed and the second syllable is unstressed, resulting in the final form of
/"erov/, where " marks the location of the stress. Support for this account came from the literature
on the Tip-of-the-Tongue (TOT) phenomenon during which people fail to retrieve the
phonological information of a word (i.e., cannot produce the word). Brown and McNeil (1966)
found that during the TOT state, participants were generally accurate about the number of
syllables in the word and the location of primary stress. Therefore, while the segmental structure
is not available, the metrical structure may still be activated, suggesting that segmental structure
and metrical structure may be retrieved independently.

To establish abstract representations in language processing, previous literature has used
priming effects. Priming effects refer to the phenomenon that people tend to use a representation
that is recently encountered, and that the processing of an upcoming item (i.e., the target) would
be facilitated if it shares a full representation with a recently encountered item (i.e., the prime).
For example, Bock (1986) argued that there is an abstract syntactic representation by showing a
syntactic priming effect in speech production. She found that when people were asked to use one
sentence to describe an event depicted in a picture, the probability of using a particular syntactic
construction increased when the prime sentence used the same syntactic construction. Crucially,
priming should only occur when the prime and the target have a full overlap in a representation,
but not when they have a partial overlap in a representation. For instance, Tooley and colleagues

concluded that neither intonational boundary nor pitch accent is a full representation on its own



because they were not primable (Tooley et al., 2014, 2018). Therefore, if there is an abstract
metrical structure and an abstract segmental structure in lexical representation, then we should
observe priming effects of metrical overlap and segmental overlap, respectively, in language
processing.

An alternative possibility is that there is no abstract metrical structure in lexical
representation. That is, metrical structure is bound to segmental structure, meaning that metrical
structure and segmental structure are only partial representations on their own. Therefore, the
stressed version and the unstressed version of a syllable would be stored as two independent
units, and the stressed or unstressed version of two different syllables would also be stored as
independent units. In other words, when we access the word “arrow”, we know that the first
syllable is the stressed version of /¢/ and the second syllable is the unstressed version of /rov/.
Concatenating them results in the final form of /' erov/. If metrical structure and segmental
structure are indeed bound together, then there should be no priming effect when there is only
metrical overlap or only segmental overlap. However, when two words share both metrical
structure and segmental structure, even only for a part of the words, the activation of one word
would activate the other one, leading to competition between the two words and thus slowing
down the word processing. In other words, there should be an interference effect of the co-
occurrence of metrical and segmental overlaps.

These hypotheses can be tested through the lens of speech planning, during which
messages are translated into motor commands that produce sounds. A simplified version of the
WEAVER-++ model (an expanded version of the WEAVER model; Levelt et al., 1999) roughly
includes four stages in speech planning: conceptualization, word selection, phonological

encoding, and articulation. Conceptualization is the process of forming a message; word



selection is the process of selecting abstract word representations; phonological encoding is the
process of retrieving phonological representation from the mental lexicon; and articulation is the
process of moving muscles to make sounds. Similar to how reaction time can be a good indicator
of processing difficulty (Schneider et al., 2011), word duration and speech onset latency have
been used as indices of speech planning difficulty (Meyer & van der Meulen, 2000; Watson et
al., 2015). Hence, if metrical structure is planned independent of segments (phonemes), then the
word duration should be shorter when two words share metrical structure or segmental structure.
On the contrary, if metrical structure is bound to the representation of segments, then the word
duration should be longer when two words share metrical structure and segmental structure.
Previous studies exploring the effect of metrical congruence on speech planning
difficulty have shown mixed results. On one hand, previous studies have observed priming
effects of metrical overlap and segmental overlap, suggesting that metrical structure and
segmental structure are independently planned. Priming effects of metrical regularity have been
found in a non-word sequence repetition experiment, such that there were faster productions,
fewer hesitations, and fewer sequence errors in the regular metric condition than in the irregular
metric condition (Tilsen, 2011). Priming effects of segmental overlap have been found in
picture-naming experiments (Damian & Dumay, 2007). When participants were presented with a
picture and a distractor word, and were asked to describe the picture using a determiner-
adjective-noun phrase (e.g., the blue bell), the speech onset latency was shortened when the
distractor was phonologically related to the noun (i.e., the distractor and the noun shared a
minimum of the initial consonant cluster and sometimes also the following vowel). When a
distractor word was not present, the onset latency for the noun word was also shortened when the

adjective and the noun shared the initial phoneme. These priming effects of metrical overlap and



segmental overlap supported the existence of an abstract representation of metrical structure and
an abstract representation of segmental structure respectively.

On the other hand, interference effects of segmental overlap and metrical overlap have
also been found in previous event-describing experiments, suggesting that segmental structure
and metrical structure are jointly planned. In Yiu and Watson (2015), participants were asked to
describe events where the first object (the prime word) shrunk and the second object (the target
word) flashed. The word duration of the target word was longer when the target word
phonologically overlapped with the prime word, suggesting an interference effect of segmental
overlap. In a similar experiment with a 2 (initial segmental: overlap vs. no overlap) x 2 (metrical
structure: overlap vs. no overlap) design, Myers and Watson (2019) showed that there was
greater word lengthening when there were both initial segmental and metrical overlaps than
when there was only initial segmental overlap, and that there was no word lengthening effect
when there was only metrical overlap. The observed interference effect of concurrent initial
segmental and metrical overlaps suggest that metrical structure and phoneme are closely bound.
Moreover, because there was word lengthening when there was only initial segmental overlap
but not when there was only metrical overlap, their results suggest that phonemes may play a
more important role in speech planning than metrical structure does.

Given these mixed results, further research is needed to clarify the effects of metrical
overlap and segmental overlap on speech planning. Therefore, the current study further explored
the planning of metrical structure and segmental structure, specifically during the phonological
encoding stage, aiming to provide insights into not only the planning of metrical structure and

segmental structure during speech production but also their encoding in the mental lexicon.



To focus on the effects of metrical overlap and segmental overlap on phonological
encoding, we need to control conceptualization, word selection, and articulation. Removing
conceptualization and word selection from the speech planning process can be achieved by
asking people to read aloud written text, instead of producing spontaneous speech. A tongue
twister paradigm can further elicit pure pre-articulatory errors (Wilshire, 1999), suggesting that
articulation difficulty can be controlled in this paradigm. Myers and Watson (2021) thus used
tongue-twister word pairs to explore the effect of metrical overlap on speech planning. In the
experiment, participants saw a word pair for 4 seconds, then the word pair disappeared, and
participants repeated the word pair as many times as possible for 8 seconds. In addition to
metrical overlap, the authors also manipulated the initial stress (i.e., whether the first syllable
was stressed or unstressed). Aichert and colleagues (2016) found that German native speakers
produced iambic meters (weak-strong) with longer durations and more errors than trochaic
meters (strong-weak). One explanation for this effect is that there are more trochaic words than
iambic words in German (Féry, 1998), and thus German native speakers are better at producing
trochaic words. Similarly, in English, there are more trochaic words than iambic words and
trochaic words are used more frequently in daily speech (Cutler & Carter, 1987). Therefore, it is
important to control for the effect of initial stress on speech production. By manipulating
metrical overlap and initial stress, Myers and Watson (2021) found that word pairs with metrical
overlap were produced fewer times, and with longer duration and more errors, suggesting that
there is no abstract metrical structure in lexical representation and that metrical structure is
bound to phonemes in speech planning.

However, there are two limitations of this study. First, while Myers and Watson (2021)

showed an interference effect when there is both metrical and initial segmental overlap, the



effect of initial segmental overlap alone remained untested because all word pairs they used
shared the first segment. Second, they only controlled the overlap of the first segment, ignoring
other segments in the words. Although the cohort model proposed that only the word-initial
phonemes play a crucial role in word recognition (Marslen-Wilson & Welsh, 1978), other
models suggest that all segmental overlap, regardless of position, affects word activation (e.g.,
the TRACE model, McClelland & Elman, 1986). For example, words that do not share the word-
initial phoneme but rhyme with the heard word are also activated (Allopenna et al., 1998). Thus,
aiming to replicate and extend the results from Myers and Watson (2021), the current study (1)
fully crossed metrical overlap, initial stress, and initial segmental overlap, and (2) calculated the
phonological distance between the two words in each word pair to capture mismatches of
phonemes in all positions in the words, and included this phonological distance as a predictor of
the difficulty of speech planning. This way, we were able to examine how metrical structure and
segmental structure are stored in lexical representation, and assess the effects of initial segmental
overlap and phonological distance on word production separately.
Individual Differences

In addition to the open question of how metrical structure and segmental structure are
stored in lexical representations, it is also unclear whether all people use their mental lexicon in
the same way. In other words, do people access their lexical representations through the same
informational pathways? To explore this question, we tested whether and how individual
differences in working memory capacity (WMC) and music perception skills may affect

individuals’ use of lexical representation in speech planning.



Individual Differences in WMC

WMC has been shown to affect various aspects of language processing. Just and
Carpenter (1992) observed that people with better WMC are better at integrating pragmatic (i.e.,
contextual meaning) and syntactic (i.e., sentence structure) information, and, of particular
interest to the current study, better WMC allows people to maintain multiple interpretations.
During our tongue-twister word pair repetition task, if people cannot simultaneously hold the
production plans for both words, then they may need to plan a word and then remap the speech
plan to produce a similar-sounding word for every alternation of words (Rosenbaum et al.,
1986), making the speech production more challenging. However, if people with better WMC
can hold multiple speech plans at the same time, then they would not need to remap the speech
plans as much as people with worse WMC do, and thus speech production would be easier.

Another possible way for WMC to affect speech planning is that people with better
WMC may have a larger processing span. Swets et al. (2007) showed that people with lower
working memory span tended to insert breaks in large segments of texts due to the limited
working memory. Similarly, in speech production experiments, participants with better WMC
produced longer prosodic phrases, suggesting that they had a larger planning span (Bishop, 2021;
Bishop & Intlekofer, 2020). If having a better WMC indeed allows a larger speech planning
scope, then participants with better WMC might even be able to have a single speech plan for the
whole word pair, completely eliminating the need for remapping.

Therefore, we hypothesized that people with better WMC would be better able to
maintain both production plans and have less need for remapping, resulting in less difficulty
producing challenging word pairs. That is, speech planning difficulty will be less affected by

metrical overlap and phonological overlap for people with better WMC.
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Given the previous work showing that simple span and complex span measures of WMC
account for different variance in language processing (Daneman & Carpenter, 1980), we
aggregated results from a digit span test (a simple span) and an operation span test (a complex
span) to explore whether the effects of metrical overlap and phonological overlap on speech
planning change as a function of WMC.

Individual Differences in Music Perception

Music and language show great similarities (Heffner & Slevc, 2015). For example, music
and language can both be hierarchically described, with meter being an important aspect in both
musical and prosodic hierarchies. In language, phonemes are grouped to form a syllable, one
stressed syllable and optional unstressed syllables form a metrical foot, metrical feet form a
word, words form a phrase, and phrases form a sentence. Similarly, in music, notes are
associated with beats, beats form measures, and measures form phrases. Music and language also
share similar phenomena. For instance, in both music and speech, elements at the phrase-final
position tend to be lengthened (e.g., Klatt, 1975; Large & Palmer, 2002).

These parallels between music and language have led scientists to investigate the cross-
domain interaction between the processing of music and language. Besson and Schon (2001)
discussed the convergent evidence suggesting that similar cognitive mechanisms were involved
in harmonic processing in music and syntactic processing in language, and that temporal
structural violation has similar effects on language and music processing. In addition, a lower
accuracy or a longer reaction time was usually observed during the simultaneous processing of
language syntax and music syntax (Fedorenko et al., 2009; Slevc et al., 2009), suggesting that
similar cognitive mechanisms were involved in the processing of language syntax and music

syntax. Sun and colleagues (2024) found that musical melodies can prime implicit prosodic
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contours (i.e., imagined speech melodies), leading to different attachment judgments for globally
ambiguous phrases (e.g., only cars and trucks with permits are allowed). Moreover, previous
work showed that listening to metrically unexpected sung sentences slowed down lexical
processing: A longer reaction time was needed to decide if a visually presented string of letters
was a real word or nonword after listening to sung sentences where the stressed syllables of the
lyrics mismatched the strong metrical position in music, compared to after listening to sung
sentences where the stressed syllables of the lyrics matched the strong metrical position in music
(Gordon et al., 2011).

Motivated by these robust connections between language and music processing, previous
work has explored the relationship between an individual’s music skill and language skill. Slevc
and Miyake (2006) found that better music ability, as measured by chord analysis, pitch change,
tonal memory, and tonal memory production, predicted second language phonological skill even
after controlling for other important factors (e.g., motivation for second language use, second
language exposure, phonological short term memory, etc.). Additionally, compared to non-
musicians, musicians were more sensitive to metrical incongruence in the final words of
sentences, suggesting that the ability to process metrical structure in music is correlated with the
ability to process metrical structure in language (Marie et al., 2011).

Hence, we hypothesized that people with better music perception skills would be more
affected by metrical overlap in speech planning. To test this hypothesis, we used the rthythmic
contour task and the metric task of the Montreal Battery of Evaluation of Amusia (MBEA)
(Peretz et al., 2003; Vuvan et al., 2018) to measure music perception skill, and assessed whether

it moderates the effect of metrical overlap on speech planning.
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Current Study

The purpose of the current study was to investigate how metrical structure and phonemic
structure are stored in lexical representations, and whether individual differences in WMC and
music perception skill moderate the relationship between word pair characteristics and speech
planning difficulty. We hypothesized that (1) if there are two independent representations for
metrical structure and phonemes, then speech production should be easier when the two words
share metrical structure or segmental structure, as evidenced by shorter word pair duration, more
complete repetitions, and fewer speech errors; if they are bound in lexical representation, then
speech production should be more challenging when two words share metrical structure and
segmental structure, as evidenced by longer word pair duration, fewer complete repetitions, and
more speech errors; (2) Metrical overlap and phonological overlap would have a smaller effect
on speech planning for people with better WMC, as evidenced by an interaction effect between
WMC and metrical overlap, and an interaction effect between WMC and initial segmental
overlap or phonological distance; (3) Metrical overlap would have a stronger effect on speech
planning for people with better music perception skill, as evidenced by an interaction effect
between music perception skill and metrical overlap.

To test these hypotheses, we adapted the tongue-twister word pair repetition paradigm
from Myers and Watson (2021) and fully crossed metrical overlap, initial stress, and initial
segmental overlap. Moreover, we calculated the phonological distance between the two words in
each word pair. We used a simple digit span task and an automated operation span task (Conway
et al., 2005; Unsworth et al., 2005) to measure individual differences in WMC. We used the
rhythmic contour task and the metric task from the MBEA (Peretz et al., 2003; Vuvan et al.,

2018) to measure individual differences in music perception skill.
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METHOD

Participants

Ten participants (age range: 19-23 years old, M = 20.4) contributed to the current
analysis. We recruited 61 adult participants (age range: 18-33 years old, M = 19.83) who are
native speakers of American English, meaning that they had all been speaking English in the
United States since at least the age of 5. They were all Mount Holyoke College students,
recruited through SONA and word of mouth. They were given the choice of being compensated
with two SONA credits or $10 for their participation. Among the 61 participants, three were
excluded from the final analyses: two were excluded because they did not complete the full
experiment and one was an outlier for the digit span test (more than three standard deviations
away from the mean digit span raw score).
Materials

The word pair repetition task was implemented on FindingFive (FindingFive Team,
2023), an online experiment platform. In the word pair repetition task, we fully crossed metrical
overlap (overlap vs. non-overlap), initial stress (strong vs. weak), and initial segmental overlap
(overlap vs. non-overlap), resulting in eight conditions. There were 20 word pairs in each
condition (i.e., 160 experimental items in total; see Appendix for a list of all experimental items)
and three additional word pairs as practice items, summing up to 163 items in total. Each item
was coded in an individual trial. The 80 word pairs in the Initial Segmental Overlap conditions

were adopted from Myers and Watson (2021). The 80 word pairs in the No Initial Segmental



14

Overlap conditions were constructed by rearranging the word pairs in the Initial Segmental
Overlap conditions so that none of the word pairs shared the first segment. Position for each
word was counterbalanced: Each word appeared twice in the first word position and twice in the
second word position. The position was not counterbalanced for each word pair (e.g.,
participants only read beaker beagle but not beagle beaker) to keep the experiment duration
manageable for participants.

To calculate the phonological distance between the two words for each word pair, we
used the Levenshtein distance (Levenshtein, 1966), which indexes how different two strings are:
the larger the value, the larger the difference. Levenshtein distance was calculated as the number
of edits needed to make two strings the same. For example, the Levenshtein distance between
“cat” and “hat” is one because only one edit (change “c” to “h”) is needed to make the two
strings the same. We calculated Levenshtein distance for the International Phonetic Alphabet
(IPA) transcriptions of the two words in each word pair, quantifying the distance between the
sounds of the two words. To avoid high collinearity between metrical overlap and phonological
distance, we did not include stress markers in the IPA transcriptions. The distribution of
phonological distance in the word pairs is shown in Table 1.

Table 1

The Distribution of Phonological Distance in the Word Pairs

Phonological Distance 1 2 3 4 5 6 7

Number of word pairs 4 20 33 30 45 26 2

The working memory task included a digit span test and an automated operation span

test, both coded in E-prime 2.0.10. The digit span test included all digits from one to nine. The
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operation span test was downloaded from https://englelab.gatech.edu/standardtasks.html and the

letter pool includes F, P, Q,J, H, K, T, S, N, R, Y, L (Conway et al., 2005; Unsworth et al.,
2005).

The music perception test included the rhythmic contour test and the metric test in
MBEA (Peretz et al., 2003; Vuvan et al., 2018). Both the rhythmic contour test and the metric
test were implemented on FindingFive (FindingFive Team, 2023).

Procedure

All participants completed the experiment individually, under the guidance of an
experimenter who had completed ethics training and knew the purpose of the study. Before
starting the experiment, participants signed the informed consent form to acknowledge their
voluntary participation and their consent for audio recording during the word pair repetition task.
Participants then entered a quiet room and completed all the tasks there. They first finished the
word pair repetition task, followed by the digit span test, the operation span test, the rhythmic
contour test, the metric test, and filled out a questionnaire to provide demographics information
and music background information at the end. The experiment took approximately 2 hours to
complete.

Word Pair Repetition Task

During the word pair repetition task, participants wore a head-mounted microphone. For
each trial, participants first saw the word pair for 4 seconds. Then the word pair disappeared and
the word “GO!” showed up on the screen. When they saw the word “GO!” participants started
repeating the word pair as quickly as possible for 8 seconds until the word “STOP” appeared on
the screen. They were encouraged to take breaks if needed, and when they were ready, they then

pressed “continue” to proceed to the next trial. There were 163 trials in total (three practice trials
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and 160 experimental trials). All experimental trials were presented in a fully randomized order
for each participant.
Digit Span Test

During the digit span test, participants listened to sequences of digits. They needed to
type the digit in the correct order. There were six blocks, and each block contained five
sequences of the same length. The number of digits per sequence ranged from three to eight.
Every participant started with three-digit sequences. If participants got at least two sequences
correct for the block containing the sequences of x digits, they would advance to the block with
sequences of x + 1 digits. Otherwise, they would start the block with sequences of x - 1 digits,
until they got to the block with one-digit sequences. For example, if a participant correctly
recalled all digits in the correct order for three sequences of three-digits, they would advance to
the block of four-digit sequences; if a participant only correctly recalled one 3-digit sequence,
they would proceed to the block of two-digit sequences. The highest possible raw score was 165
(le,3+4+5+6+7+8)*5).
Operation Span Test

For each trial of the operation span test, the first screen had a math problem (e.g., “(9 / 3)
- 27), the second screen had a proposed answer to the problem and asked the participant whether
the answer was correct or not (e.g., “10? True or False”), and the third screen had a letter (e.g.
“K”). After a random number of trials, participants were asked to recall all the letters in the order
they appeared. The number of trials per block (i.e., the letter sequence length) ranged from three
to seven. There were three blocks for each letter sequence length, summing up to 15 blocks in

total and 75 letters in total.
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Rhythmic Contour Test

During the rhythmic contour test, participants listened to a series of melody pairs and
they decided whether the two melodies in each pair were the same or different. There were two
example trials, during which participants received feedback and could listen to the melody pairs
as many times as needed. There were 31 experimental trials, during which participants did not
receive feedback and could only listen to each melody pair once.
Metric Test

During the metric test, participants listened to a series of sequences of melodies,
presented one at a time, and decided if each melody was a waltz or a march. They were told that
a waltz rhythm is in three with a strong beat followed by two weak beats (e.g., 1,2,3,1,2,3...)
whereas a march rhythm is in two with a strong beat followed by a weak beat (e.g., 1,2, 1, 2...).
There were four example trials, during which participants received instructions from the
experimenter about how to differentiate between a waltz and a march, and received feedback on
their answer. Each example audio could be played as many times as the participant needed.
There were 30 experimental trials, during which participants did not receive any instruction nor
feedback, and they could only listen to the audios once.
Data Pre-processing
Word Pair Repetition

The word pair repetition data were annotated using Praat (Boersma & Weenink, 2023).
Ten coders independently coded a subset of the word pair repetition data. For every trial, a
textgrid was created to mark each correct and complete word pair repetition and each error. We
then counted the number of correct and complete word pair repetitions, and the number of errors,

and transcribed the correct production. For example, if the word pair is “arrow error” and the
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participant said “arrow error arrow error arrow error error arrow error,” then the number of
correct and complete repetitions would be four because there were four correct and complete
repetitions of the word pair “arrow error.” The number of errors would be one because there was
an additional “error” that was not paired with an “arrow.” The transcription would be “arrow
error arrow error arrow error arrow error.” The transcription was then used to create a text file.
We also cut the errors and incomplete word pair repetitions from the original sound file. The text
file and the cleaned sound file were then paired to run forced alignment using Montreal Forced
Aligner (McAuliffe et al., 2017), which provided us with time intervals for each word. We then
extracted the duration for each word pair repetition in Praat (Boersma & Weenink, 2023) and
calculated the mean word pair duration for each word pair for each participant.
Working Memory Capacity

We composed the digit span raw score and the operation span score to capture individual
differences in working memory capacity.

Digit Span. The digit span raw score was calculated as the total number of digits
correctly recalled in the correct position. The final digit span score was calculated as the digit

span raw score divided by the total number of digits presented to the participant, as in (1).

total number of digits correctly recalled in the correct position

Digit Span Score = (1)

total number of digits presented

Operation Span. The operation span raw score was calculated as the total number of
correct letters recalled in the correct position (i.e., the partial-credit load score) as suggested by
Conway et al. (2005) and used in Moss et al. (2024). We calculated the scores using the
raw_ospan() and score_ospan() functions in the englelab R package (Tsukahara, 2022). The final
operation span score was calculated as the operation span raw score divided by the total number

of letters presented (i.e., 75), as done in Conway et al. (2005). See (2) for the equation.
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total number of letters correctly recalled in the correct position
75

2

Operation Span Score =

WMC Score. The composite score for the two working memory tests was calculated as

the average of the digit span score and the operation span score, as in (3).

Digit Span Score + Operation Span Score
2

WMC Score =

3)
Music Perception Skill

The rhythmic contour test score and the metric test score were separately calculated as
the number of correct responses to the experimental trials. We then calculated an accuracy rate
for each of the two tests. The composite score for the two music perception tests was calculated

as the average of the accuracy rates for the two tests, as in (4).

Rhythmic Contour Accuracy Rate + Metric Accuracy Rate
2

Music Perception Score = 4
Data Exclusion Criteria

A word pair repetition trial would be excluded from analysis if the participant
consistently mispronounced either word incorrectly throughout the whole trial. Based on this
criterion, 46 trials were excluded. A single word pair repetition would be excluded from analysis
if the repetition duration was at least 2.5 standard deviations away from the mean repetition
duration for this specific trial for this participant. We excluded 15 repetitions based on this
criterion. Given our way of detecting outliers, we also excluded all trials with only one correct
and complete repetition because we were not able to calculate the standard deviation of the word
pair durations for this trial and thus could not detect outliers. Six additional trials were excluded

based on this criterion. Therefore, a total of 52 out of 1600 trials (3.25%) were excluded and,

within the remaining 1548 trials, 15 out of 11198 repetitions (0.13%) were excluded.
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Analysis

The current study aimed to examine whether word pair characteristics and their
interactions predict the difficulty of speech planning, and whether individual differences in
WMC and music perception skill interact with the word pair characteristics to predict the
difficulty of speech planning. Specifically, the word pair characteristics included metrical
overlap, initial stress, initial segmental overlap, and phonological distance; the WMC score was
the average of the digit span score and the operation span score; and the music perception score
was the average of the accuracy rates of the rhythmic contour test and metric test. The difficulty
of speech planning was measured as mean word pair duration, number of correct and complete
repetitions, and number of speech errors. We ran multiple linear regression analyses and t-tests
using the stats package (R Core Team, 2023) in R.

Metrical overlap, segmental overlap, and initial stress were all binary variables.
Phonological distance was a ratio variable that ranged from one to seven. We median splitted the
WMC score and the music perception score to make them binary. For example, a participant
whose WMC score was among the highest five scores was coded as having a high WMC score,
and a participant whose WMC score was among the lowest five scores were coded as having a
low WMC score. All variables were centered by subtracting the mean from each value.

By definition, initial segmental overlap and phonological distance account for similar
aspects of the word pair characteristics: How similar the segments in the two words were. Thus,
they would be highly correlated: Word pairs with initial segmental overlap would have smaller
phonological distance than word pairs with no initial segment overlap. Therefore, to avoid
multicollinearity in the regression models, we fitted two groups of models separately: the initial

segmental overlap models and the phonological distance models.
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Hypothesis 1

Hypothesis 1 stated that if metrical structure and segmental structure are independently
planned, then speech production should be easier when there is initial segmental overlap or
metrical overlap, as evidenced by shorter mean word pair duration, more repetitions, and fewer
errors; if metrical structure and segmental structure are jointly planned, then speech production
should be more challenging when there is initial segmental overlap and metrical overlap, as
evidenced by longer mean word pair duration, fewer repetitions, and more errors.

To test this hypothesis, the initial segmental overlap models included metrical overlap,
initial stress, initial segmental overlap, and all possible interactions as predictors for each
dependent variable: mean word pair duration, number of complete repetitions, and number of
speech errors. The phonological distance models included metrical overlap, initial stress,
phonological distance, and all possible interactions as predictors for each dependent variable:
mean word pair duration, number of complete repetitions, and number of speech errors. We then
assessed which predictors were significant in each model.

We also compared the initial segmental overlap models to the phonological distance
models using their adjusted R’ values. The model with a higher adjusted R’ value would be
preferred because the model explained more variance in the dependent variable.

For both mean word pair duration and number of repetitions, the initial segmental overlap
model had a higher adjusted R? than the phonological distance model. In addition, because
phonological distance was not a controlled variable, the sample size across different
phonological distance values varied. Therefore, we used the initial segmental overlap models as

the basic models when we tested the hypotheses about individual differences. That is, the
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respective main effects and interaction effects were only added to the initial segmental overlap
models.
Hypothesis 2

Hypothesis 2 stated that people with better WMC should be less affected by metrical
overlap and phonological overlap. To test this hypothesis, we added WMC score, the interaction
between WMC score and metrical overlap, the interaction between WMC score and initial
segmental overlap, and the three-way interaction between WMC score, metrical overlap, and
initial segmental overlap as predictors in the initial segmental overlap model. We then assessed
whether these added variables were significant predictors for each dependent variable: mean
word pair duration, number of complete repetitions, and number of speech errors.
Hypothesis 3

Hypothesis 3 stated that people with better music perception skill would be more affected
by metrical overlap. To test this hypothesis, we added music perception score and the interaction
between music perception score and metrical overlap as predictors in the initial segmental
overlap model. We then assessed whether these added variables were significant predictors for
each dependent variable: mean word pair duration, number of complete repetitions, and number

of speech errors.
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RESULTS

Descriptive Statistics
Word Pair Repetition Measures

Mean and standard deviation of mean word pair duration, number of correct and
complete word pair repetitions, and number of speech errors are reported in Table 2. Across all
conditions, the mean word pair duration was about 866 ms, the number of repetitions was about
7.23, and the number of errors was about 0.68. In general, participants produced very few errors.
Only 603 out of 1548 trials included in the analysis had at least one error. For the 603 trials with

errors, the mean number of errors was only 1.75.



Table 2

Mean (SD) for Each Dependent Variable in the Word Pair Repetition Task
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Segmental Metrical Initial Mean word pair ~ Number of Number of
overlap overlap stress duration (ms) repetitions errors
S 901.90 (8.87) 6.72 (0.10) 0.80 (0.08)
Overlap
w 884.77 (10.37) 6.93 (0.11) 0.71 (0.08)
Overlap
S 867.64 (8.57) 7.38 (0.12) 0.62 (0.09)
No overlap
w 876.70 (8.86) 7.19 (0.11) 0.66 (0.09)
S 824.15 (8.13) 7.70 (0.11) 0.70 (0.08)
Overlap
w 872.98 (8.45) 7.11 (0.09) 0.71 (0.07)
No overlap
S 838.69 (8.62) 7.56 (0.11) 0.59 (0.07)
No overlap
w 865.67 (8.15) 7.32 (0.11) 0.67 (0.08)

Individual Difference Measures

Individual Difference Results for All 58 participants. The descriptive statistics for the

individual difference measures for all 58 participants are presented in Table 3.



Table 3

Mean and Standard Deviation for the Raw Scores in the Individual Difference Tests
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Test Mean Standard deviation
Digit Span Test (165) 140 13.4
Operation Span Test (75) 53.3 14.5
Rhythmic Contour Test (31) 254 3.44
Metric Test (30) 26.1 4.75

Note. The number in parentheses after the test name indicates the highest score a participant

might get on this test.

There was a positive correlation between participants’ performances on the digit span test

and the operation span test (» = 0.47, p < 0.001; Figure 1), suggesting that the tests were able to

capture individuals’ working memory capacity. In addition, the correlation was not close to 1,
indicating that each of the two working memory tests captured different aspects of working

memory. Thus, the composite WMC score would be a better measure of individual WMC than

either one of the test scores.



26

Figure 1

Correlation Between Digit Span Test Accuracy Rate and Operation Span Test Accuracy Rate
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There was a positive correlation between participants’ performance in the rhythmic
contour test and the metric test (» = 0.35, p = 0.008; Figure 2), suggesting that the tests were able
to capture individuals’ music perception skill. Moreover, despite being significant, the
correlation was not strong, indicating that the two test scores accounted for different aspects of
music perception skill. In addition, many participants were at ceiling on the metric test,
suggesting that the metric test alone is not good at uncovering individual differences. Thus, the
composite music perception score would be a better measure of individual music perception skill

than the accuracy rate for either of the tests.
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Figure 2

Correlation Between Rhythmic Contour Test Accuracy Rate and Metric Test Accuracy Rate
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There was no correlation between an individual’s WMC score and music perception
score (r=10.051, p = 0.7; Figure 3), suggesting that these two measures are orthogonal.

Therefore, in principle, these two measures can provide insights into the effect of these

individual differences on speech planning respectively.
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Figure 3

Correlation Between WMC Score and Music Perception Score
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Individual Difference Results for the 10 Participants Included in the Analysis. Ten
participants’ data were used in the regression analysis. Table 4 shows the descriptive statistics

for the individual difference measures for these 10 participants.
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Table 4
Mean and Standard Deviation for the Raw Scores in the Individual Difference Tests for the 10

Participants Included in the Current Analysis

Test Mean Standard deviation
Digit Span Test (165) 135.6 9.24
Operation Span Test (75) 55.4 11.82
Rhythmic Contour Test (31) 23.1 4.84
Metric Test (30) 26.7 3.83

Note. The number in parentheses after the test name indicates the highest score a participant
might get on this test.

There was a positive but not significant correlation between the 10 participants’
performances on the digit span test and the operation span test (» = 0.22, p = 0.54; Figure 4).
Given that the correlation between the accuracy rates for the two WMC tests was significant
based on the correlation test carried out with all 58 participants’ data, we suspect that the

nonsignificant correlation result here is due to the small sample size.
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Figure 4
Correlation Between Digit Span Test Accuracy Rate and Operation Span Test Accuracy Rate for

the 10 Participants Included in the Current Analysis
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There was a positive but not significant correlation between the accuracy rates for the two
music perception tests ( = 0.46, p = 0.18; Figure 5). Similar to the correlation between the two

WMC tests, we suspect that the nonsignificant correlation result is due to the small sample size.
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Figure 5
Correlation Between Rhythmic Contour Test Accuracy Rate and Metric Test Accuracy Rate for

the 10 Participants Included in the Current Analysis
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There was a negative correlation between an individual’s composite WMC score and
composite music perception score (r =-0.26, p = 0.48; Figure 6). This negative correlation was
driven by the unbalanced distribution of the WMC and music perception scores within the 10
participants. Table 5 shows the number of participants falling into each category after we median
splitted the WMC score and the music perception score. For example, among the 10 participants
included in the current analysis, the participants who scored the top five WMC scores were
assigned to the high WMC score category. Similarly, among all 58 participants, the participants

who scored the top 29 WMC scores were assigned to the high WMC score category.
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Correlation Between WMC Score and Music Perception Score for the 10 Participants Included

in the Current Analysis
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Table 5

Number of Participants with High Versus Low WMC Scores and Music Perception Scores

Music Perception Score

High Low
High 1 4
10 participants WMC Score
Low 4 1
High 15 14
58 participants WMC Score
Low 14 15

Regression Model Results
Word Pair Repetition Results

Mean Word Pair Duration: Initial Segmental Overlap Model (Table 6). There was
no main effect of metrical overlap. There was a significant main effect of initial stress (8 =
-16.94, p = 0.006), such that the mean word pair duration was shorter when the first syllable was
stressed than when the first syllable was unstressed (Figure 7 plot A). There was a main effect of
initial segmental overlap (f = 32.38, p <0.001), such that the mean word pair duration was
longer when there was initial segmental overlap than when there was no initial segmental overlap
(Figure 7 plot B). There was no interaction effect between metrical overlap and initial stress.
There was an interaction effect between metrical overlap and initial segmental overlap (f =
24.78, p = 0.046), which was mainly driven by the long mean word pair duration when there
were both initial segmental and metrical overlaps (Figure 8). There was an interaction effect

between initial stress and initial segmental overlap (f =41.94, p = 0.001), which was mainly
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driven by the short mean word pair duration when there was no initial segmental overlap and the
first syllable was stressed (Figure 9). There was a marginally significant three-way interaction
between metrical overlap, initial stress, and initial segmental overlap, which was mainly driven
by the long duration when there were both metrical and initial segmental overlaps and the first
syllable was stressed.

Table 6

The Initial Segmental Overlap Model for Mean Word Pair Duration

Predictors Estimates CI p

(Intercept) 866.57 [860.47,872.66] <0.001
Metrical Overlap 8.77 [-3.41,20.96] 0.158
Initial Stress -16.94 [-29.12, -4.75] 0.006
Initial Segmental Overlap 32.38 [20.19, 44.56] <0.001
Metrical Overlap x Initial Stress 2.16 [-22.21, 26.53] 0.862
Metrical Overlap X Initial Segmental Overlap 24.78 [0.40, 49.15] 0.046
Initial Stress % Initial Segmental Overlap 41.94 [17.57,66.31] 0.001

Metrical Overlap x Initial Stress x Initial
Segmental Overlap

Note. R%.j = 0.031. Significant effects are bolded.

48.04 [-0.71, 96.78] 0.053




Figure 7

Mean Word Pair Duration by Initial Stress and Initial Segmental Overlap
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Note. A: Mean word pair duration by initial stress. B: Mean word pair duration by initial

segmental overlap.
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Figure 8

Mean Word Pair Duration by Initial Segmental Overlap and Metrical Overlap

950
9001
[41]
E
c
8
© 850
g Metrical Overlap
lnEi . No Overlap
Overlap
o
5 8001 .
=
c
@©
[
=
750
7004

No Overlap Overlap
Initial Segmental Overlap



37

Figure 9

Mean Word Pair Duration by Initial Segmental Overlap and Initial Stress
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Mean Word Pair Duration: Phonological Distance Model (Table 7). There was no
main effect of metrical overlap. There was a main effect of initial stress (f =-19.32, p = 0.003),
such that the mean word pair duration was shorter when the first syllable was stressed than when
the first syllable was unstressed. There was a main effect of phonological distance (8 = -10.76,
p <0.001; Figure 10), such that the larger the phonological distance was, the shorter the mean
word pair duration was. There was no interaction effect between metrical overlap and initial
stress. There was no interaction effect between metrical overlap and phonological distance.
There was an interaction effect between initial stress and phonological distance ( =-16.04, p =

0.001; Figure 11), such that the larger the phonological distance was, the stronger the effect of
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initial stress was. There was no three-way interaction between metrical overlap, initial stress, and
phonological distance.
Table 7

The Phonological Distance Model for Mean Word Pair Duration

Predictors Estimates Cl p

(Intercept) 865.71 [859.28, 872.14] <0.001
Metrical Overlap -0.70 [-13.56, 12.16] 0.915
Initial Stress -19.32 [-32.18, -6.46] 0.003
Phonological Distance -10.76 [-15.39, -6.13] <0.001
Metrical Overlap x Initial Stress -16.25 [-41.97, 9.47] 0.215
Metrical Overlap x Phonological Distance -4.63 [-13.88, 4.63] 0.327
Initial Stress x Phonological Distance -16.04 [-25.30, -6.78] 0.001

Metrical Overlap x Initial Stress X Phonological
Distance

Note. R%.j = 0.024. Significant effects are bolded.

-1.81 [-20.32, 16.70] 0.848




Figure 10

Mean Word Pair Duration by Phonological Distance
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Figure 11

Mean Word Pair Duration by Phonological Distance and Initial Stress
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Number of Repetitions: Initial Segmental Overlap Model (Table 8). There was a
main effect of metrical overlap (8 =-0.25, p = 0.001), such that there were fewer correct and
complete repetitions when there was metrical overlap (Figure 12 plot A). There was a main
effect of initial stress (f = 0.20, p = 0.009), such that there were more repetitions when the first
syllable was stressed (Figure 12 plot B). There was a main effect of initial segmental overlap
(8 =-0.36, p <0.001), such that there were fewer repetitions when there was initial segmental
overlap (Figure 12 plot C). There was no interaction effect between metrical overlap and initial
stress. There was an interaction effect between metrical overlap and initial segmental overlap
(8 =-0.43, p=0.006): There were the fewest repetitions when there were both metrical overlap

and initial segmental overlap (Figure 13). There was an interaction effect between initial stress
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and initial segmental overlap (8 =-0.43, p = 0.005): There were the most repetitions when there
was initial segmental overlap and the first syllable was stressed (Figure 14). There was also a
three-way interaction between metrical overlap, initial stress, and initial segmental overlap (f =
-0.75, p = 0.015; Figure 15). T-tests revealed that, first, when there was metrical overlap and the
first syllable was stressed, there were more repetitions when there was no initial segmental
overlap than when there was initial segmental overlap (#383.52) = 6.43, p < 0.001); second,
when there was metrical overlap but not initial segmental overlap, there were more repetitions
when the first syllable was stressed than when the first syllable was unstressed (#(372.11) =
-4.01, p <0.001). That is, this three-way interaction was mainly driven by the large number of
repetitions when there was metrical overlap, no initial segmental overlap, and the first syllable
was stressed.

Table 8

The Initial Segmental Overlap Model for Number of Repetitions

Predictors Estimates CI p

(Intercept) 7.24 [7.16,7.31] <0.001
Metrical Overlap -0.25 [-0.40, -0.10] 0.001
Initial Stress 0.20 [0.05, 0.35] 0.009
Initial Segmental Overlap -0.36 [-0.52,-0.21] <0.001
Metrical Overlap x Initial Stress -0.03 [-0.33, 0.27] 0.850
Metrical Overlap X Initial Segmental Overlap -0.43 [-0.73, -0.13] 0.006
Initial Stress % Initial Segmental Overlap -0.43 [-0.73, -0.13] 0.005

Metrical Overlap x Initial Stress X Initial
Segmental Overlap

Note. R%.qj = 0.034. Significant effects are bolded.

-0.75 [-1.35,-0.15] 0.015
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Figure 12

Number of Repetitions by Metrical Overlap, by Initial Stress, and by Initial Segmental Overlap
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Note. A: Number of repetitions by metrical overlap. B: Number of repetitions by initial stress. C:

Number of repetitions by initial segmental overlap.
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Figure 13

Number of Repetitions by Initial Segmental Overlap and Metrical Overlap
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Figure 14

Number of Repetitions by Initial Segmental Overlap and Initial Stress
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Figure 15

Number of Repetitions by Initial Segmental Overlap, Metrical Overlap, and Initial stress
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Number of Repetitions: Phonological Distance Model (Table 9). There was no main

effect of metrical overlap. There was a main effect of initial stress (8 = 0.26, p = 0.001), such

that there were more repetitions when the first syllable was stressed. There was a main effect of

phonological distance (f = 0.16, p <0.001), such that the larger the phonological distance was,

the more repetitions there were (Figure 16). There was no interaction effect between metrical

overlap and initial stress, nor interaction effect between metrical overlap and phonological

distance. There was a significant interaction effect between initial stress and phonological

distance (8 = 0.14, p = 0.017), such that the larger the phonological distance was, the stronger

the effect of initial stress was (Figure 17). There was no three-way interaction between metrical

overlap, initial stress, and phonological distance.



Table 9

The Phonological Distance Model for Number of Repetitions

Predictors

Estimates

CI

p

(Intercept) 7.25 [7.17,7.32] <0.001
Metrical Overlap -0.12 [-0.27, 0.04] 0.154
Initial Stress 0.26 [0.10, 0.42] 0.001
Phonological Distance 0.16 [0.10, 0.21] <0.001
Metrical Overlap x Initial Stress 0.16 [-0.15, 0.48] 0.309
Metrical Overlap x Phonological Distance 0.06 [-0.05, 0.18] 0.287
Initial Stress x Phonological Distance 0.14 [0.02, 0.25] 0.017
Metrical Overlap x Initial Stress x Phonological 0.09 [-0.14, 0.32] 0.447
Distance

Note. R?,4; = 0.032. Significant effects are bolded.
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Figure 16

Number of Repetitions by Phonological Distance
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Figure 17

Number of Repetitions by Phonological Distance and Initial Stress
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Number of Errors: Initial Segmental Overlap Model (Table 10). There was no

significant predictor for the number of errors in the initial segmental overlap model.



Table 10

The Initial Segmental Overlap Model for Number of Errors
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Predictors

Estimates CI p
(Intercept) 0.68 [0.63, 0.74] <0.001
Metrical Overlap 0.09 [-0.02, 0.21] 0.104
Initial Stress -0.01 [-0.12, 0.11] 0.900
Initial Segmental Overlap 0.03 [-0.08, 0.14] 0.578
Metrical Overlap x Initial Stress 0.11 [-0.12, 0.33] 0.358
Metrical Overlap x Initial Segmental Overlap 0.03 [-0.19, 0.26] 0.771
Initial Stress x Initial Segmental Overlap 0.07 [-0.16, 0.29] 0.563
Metrical Overlap % Initial Stress x Initial 0.06 [-0.39, 0.51] 0.800

Segmental Overlap

Note. R?,4; = -0.002. Significant effects are bolded.

Number of Errors: Phonological Distance Model (Table 11). There was no significant

predictor for the number of errors in the phonological distance model.
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Table 11

The Phonological Distance Model for Number of Errors

Predictors Estimates CI p

(Intercept) 0.69 [0.63, 0.75] <0.001
Metrical Overlap 0.07 [-0.05, 0.18] 0.280
Initial Stress -0.02 [-0.13,0.10] 0.794
Phonological Distance -0.03 [-0.08, 0.01] 0.110
Metrical Overlap x Initial Stress 0.10 [-0.14, 0.33] 0.427
Metrical Overlap x Phonological Distance 0.03 [-0.06, 0.11] 0.549
Initial Stress x Phonological Distance 0.00 [-0.08, 0.09] 0.984

Metrical Overlap x Initial Stress X Phonological
Distance

Note. R?,; = -0.000. Significant effects are bolded.

-0.01 [-0.18, 0.16] 0.888

WMC Results

Mean Word Pair Duration: WMC Model (Table 12). All significant predictors in the
initial segmental overlap model for mean word pair duration remained significant. In addition,
there was a main effect of WMC score ( = 62.06, p < 0.001), such that the mean word pair
duration was longer for people with better WMC scores (Figure 18). While the three-way
interaction effect between metrical overlap, initial stress, and initial segmental overlap was only
marginally significant in the initial segmental overlap model for mean word pair duration, it
became significant in this model (8 = 48.36, p = 0.045). T-test revealed that when there was
initial segmental overlap and the first syllable was stressed, the mean word pair duration was
longer when there was metrical overlap than when there was no metrical overlap (#387.67) =

-2.78, p = 0.006; Figure 19).



Table 12

The WMC Score Model for Mean Word Pair Duration

Predictor Estimates CI p
(Intercept) 866.52  [860.62,872.42] <0.001
Metrical Overlap 9.26 [-2.54, 21.06] 0.124
Initial Stress -17.49 [-29.29, -5.70] 0.004
Initial Segmental Overlap 32.38 [20.58, 44.17] <0.001
WMC Score 62.06 [50.26, 73.86] <0.001
Metrical Overlap x Initial Stress 1.56 [-22.04, 25.16] 0.897
Metrical Overlap x Initial Segmental Overlap 24.97 [1.37, 48.56] 0.038
Initial Stress x Initial Segmental Overlap 41.25 [17.65, 64.85] 0.001
Metrical Overlap x WMC Score -4.42 [-28.02, 19.18] 0.713
Initial Segmental Overlap x WMC Score 4.97 [-18.63, 28.56] 0.680
Metrical Overlap X Initial Stress x Initial 4836 [1.17, 95.56] 0.045
Segmental Overlap

Metrical Overlap X Initial Segmental Overlap x 140 [-45.80, 48.60] 0.954

WMC Score

Note. R%j = 0.091. Significant effects are bolded.
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Figure 18

Mean Word Pair Duration by WMC Score

9501

2001

8501

800+

Mean Word Pair Duration (ms)

7501

7001

Low

Working Memory Capcity Score

High

52



53

Figure 19

Mean Word Pair Duration by Initial Segmental Overlap, Metrical Overlap, and Initial Stress
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Number of Repetitions: WMC Model (Table 13). All significant predictors in the

initial segmental overlap model for the number of repetitions remained significant. In addition,

there was a main effect of WMC score, such that people with higher WMC score had fewer

repetitions (Figure 20). There was no interaction effect between WMC score and other variables.



Table 13

The WMC Score Model for Number of Repetitions

Predictor Estimates CI p
(Intercept) 7.24 [7.16, 7.31] <0.001
Metrical Overlap -0.25 [-0.40, -0.10] 0.001
Initial Stress 0.21 [0.06, 0.35] 0.007
Initial Segmental Overlap -0.37 [-0.51,-0.22] <0.001
WMC Score -0.47 [-0.62, -0.32] <0.001
Metrical Overlap x Initial Stress -0.03 [-0.32, 0.27] 0.865
Metrical Overlap x Initial Segmental Overlap -0.43 [-0.73, -0.13] 0.005
Initial Stress x Initial Segmental Overlap -0.42 [-0.72, -0.12] 0.005
Metrical Overlap x WMC Score 0.24 [-0.06, 0.53] 0.121
Initial Segmental Overlap x WMC Score 0.03 [-0.27, 0.33] 0.833
Metrical Overlap X Initial Stress x Initial 0.75 [-1.35, -0.16] 0.013
Segmental Overlap

Metrical Overlap X Initial Segmental Overlap x 021 [-0.81, 0.39] 0.488

WMC Score

Note. R%j = 0.057. Significant effects are bolded.
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Figure 20

Number of Repetitions by WMC Score
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Number of Errors: WMC Model (Table 14). There was a main effect of WMC score,
such that people with higher WMC scores made fewer errors than people with lower WMC

scores (Figure 21). There was no other significant predictor in the model.



Table 14

The WMC Score Model for Number of Errors

Predictor Estimates CI p
(Intercept) 0.68 [0.63, 0.74] <0.001
Metrical Overlap 0.09 [-0.02, 0.20] 0.109
Initial Stress -0.00 [-0.12,0.11] 0.932
Initial Segmental Overlap 0.03 [-0.08, 0.14] 0.572
WMC Score -0.23 [-0.34,-0.11] <0.001
Metrical Overlap x Initial Stress 0.11 [-0.12, 0.33] 0.348
Metrical Overlap x Initial Segmental Overlap 0.03 [-0.19, 0.26] 0.779
Initial Stress x Initial Segmental Overlap 0.07 [-0.15, 0.29] 0.545
Metrical Overlap x WMC Score 0.02 [-0.21, 0.24] 0.894
Initial Segmental Overlap x WMC Score -0.09 [-0.31, 0.13] 0.429
Metrical Overlap X Initial Stress x Initial 0.06 -0.39, 0.50] 0.805
Segmental Overlap

Metrical Overlap X Initial Segmental Overlap x 0.13 [-0.32, 0.58] 0.564

WMC Score

Note. R%.j = 0.006. Significant effects are bolded.
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Figure 21

Number of Errors by WMC Score
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Music Perception Skill Results

Mean Word Pair Duration: Music Perception Skill Model (Table 15). All significant
predictors in the initial segmental overlap model for mean word pair duration remained
significant. In addition, there was a main effect of music perception score: People with higher
music perception scores had shorter mean word pair durations than people with lower music
perception scores (Figure 22). There was no interaction effect between music perception score

and metrical overlap.



Table 15

The Music Perception Skill Model for Mean Word Pair Duration

Predictor Estimates CI p

(Intercept) 866.55  [860.48, 872.62] <0.001
Metrical Overlap 8.92 [-3.21, 21.06] 0.149
Initial Stress -17.06 [-29.20, -4.93] 0.006
Initial Segmental Overlap 32.49 [20.35, 44.62] <0.001
Music Perception Score -24.06 [-36.20,-11.93] <0.001
Metrical Overlap x Initial Stress 2.08 [-22.19, 26.34] 0.867
Metrical Overlap x Initial Segmental Overlap 25.04 [0.77,49.31] 0.043
Initial Stress x Initial Segmental Overlap 41.63 [17.36, 65.89] 0.001
Metrical Overlap x Music Perception Score -5.02 [-29.29, 19.24] 0.685
Metrical Overlap x Initial Stress x Initial 47.98 [-0.56, 96.51] 0.053

Segmental Overlap

Note. R%j = 0.039. Significant effects are bolded.
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Figure 22

Mean Word Pair Duration by Music Perception Score
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Number of Repetitions: Music Perception Skill Model. All significant predictors in the
initial segmental overlap model for the number of repetitions remained significant. However,
there was no main effect of music perception score nor interaction effect between music
perception score and metrical overlap.

Number of Errors: Music Perception Skill Model (Table 16). There was a significant
main effect of music perception score: People with higher music perception scores produced
more speech errors than people with lower music perception scores (Figure 23). There was no

interaction effect between music perception score and metrical overlap.



Table 16

The Music Perception Skill Model for Number of Errors

Predictor

Estimates CI p
(Intercept) 0.68 [0.63, 0.74] <0.001
Metrical Overlap 0.09 [-0.02, 0.20] 0.109
Initial Stress -0.01 [-0.12,0.11] 0.924
Initial Segmental Overlap 0.03 [-0.08, 0.14] 0.589
Music Perception Score 0.36 [0.25, 0.47] <0.001
Metrical Overlap x Initial Stress 0.11 [-0.12, 0.33] 0.349
Metrical Overlap x Initial Segmental Overlap 0.03 [-0.19, 0.25] 0.792
Initial Stress x Initial Segmental Overlap 0.07 [-0.15, 0.29] 0.531
Metrical Overlap x Music Perception Score -0.03 [-0.26, 0.19] 0.769
Metrical Overlap x Initial Stress x Initial 0.06 -0.39, 0.50] 0.800

Segmental Overlap

Note. R%j = 0.022. Significant effects are bolded.
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DISCUSSION

The current study aimed to explore whether metrical structure and segmental structure are
independently or jointly planned in speech production, and whether individual differences in
WMC and music perception skills moderate the relationship between word pair characteristics
and speech production difficulty. Specifically, we hypothesized that (1) if metrical structure and
segmental structure are independently planned, then speech production should be easier when
there is metrical overlap or phonological overlap, which would be shown in shorter mean word
pair duration, more correct and complete repetitions, and fewer speech errors; if metrical
structure and segmental structure are jointly planned, then speech production should be more
challenging when there is metrical overlap and phonological overlap, which would be shown in
longer mean word pair duration, fewer correct and complete repetitions, and more speech errors;
(2) metrical overlap and phonological overlap would have a smaller effect on speech planning
for people with better WMC, as shown by an interaction effect between WMC and metrical
overlap, and an interaction effect between WMC and initial segmental overlap; (3) Metrical
overlap would have a stronger effect on speech planning for people with better music perception
skill, as shown by an interaction effect between music perception skill and metrical overlap. Our
results suggest that (1) metrical structure and segmental structure are jointly planned, (2) people
with better WMC are worse at speech planning but this underperformance does not depend on

the phonological similarity between the two words, and (3) people with better music perception
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skills are better at speech planning but this outperformance does not depend on whether the two
words in a word pair have metrical overlap or not.
Lexical Representation
Initial Segmental Overlap Models

We found evidence for a joint planning of metrical structure and segmental structure,
replicating and extending the findings of Myers and Watson (2021). First, the mean word pair
duration was longer when there was initial segmental overlap and when there were both metrical
and initial segmental overlaps. There were also fewer repetitions when there was only metrical
overlap or only initial segmental overlap, and when there were both metrical and initial
segmental overlaps. Moreover, there were the most repetitions when there was metrical overlap,
no segmental overlap, and the first syllable was stressed, further suggesting the intertwined
relationship between metrical structure and segmental structure. In other words, not only does
segmental or metrical overlap matter, but the stress status of the first syllable also plays a role.

However, the mean word pair duration was not lengthened when there was only metrical
overlap. This pattern is consistent with the findings in Myers and Watson (2019). Specifically, in
an event describing experiment, they found that the word duration of the target word was
lengthened only when the prime word and the target word shared the initial segments or shared
both metrical structure and initial segments, but not when they only shared metrical structure.
Nevertheless, it is also possible that the lack of main effect of metrical overlap on mean word
pair duration was due to a weak statistical power: Only 10 participants’ data were included in the
current analysis. Therefore, we would need to include more data to determine if this is a

potentially meaningful null result or merely a lack of statistical power.
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In addition, the mean word pair duration was longer and there were fewer repetitions
when the first syllable was unstressed, which is in line with Aichert et al. (2016). This effect was
expected based on the literature showing that there are more English words following a Strong-
weak stress pattern than English words following a weak-Strong stress pattern (Cutler & Carter,
1987). There was also an interaction effect between initial segmental overlap and initial stress,
such that the facilitatory effect of having a stressed initial syllable was stronger when there was
initial segmental overlap than when there was no initial segmental overlap.

There was no significant effect of any word pair characteristics on the number of errors.
One possible reason was the weak statistical power. Another possible reason was that there were
a few errors in general. Only 603 out of 1548 trials included in the analysis had at least one error.
For the 603 trials with errors, the mean number of errors was only 1.75.

While we found a significant effect of initial segmental overlap on speech planning
difficulty, it has to be noted that we did not control how many initial segments are shared
between the two words in a word pair. Among the 80 word pairs that have initial segmental
overlap, 18 of them share the first phoneme (e.g., “relish relax”). The other 62 word pairs share
at least the first two phonemes (e.g., “arrow error’’) and at most the first four phonemes (e.g.,
“ballot ballad”). Therefore, there can be some between-item variance in the effect of initial
segmental overlap that is not accounted for in the current analysis. However, because the current
study aimed to replicate and extend the results from Myers and Watson (2021), this design
limitation was necessary to ensure that our experiment is as similar to the original experiment as
possible. Therefore, we decided not to make any changes to the word pairs. Future analysis using
a larger sample size should consider including random effects over items to account for these

between-item variances.
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Phonological Distance Models

The results from the phonological distance models are also consistent with the account
that metrical structure is jointly planned with segmental structure. When the phonological
distance increased, the mean word pair duration decreased and the number of repetitions
increased. This is consistent with the main effect of initial segmental overlap: The speech
planning is easier when the two words are less phonologically similar. As in the initial segmental
overlap models, when the first syllable was unstressed, the mean word pair duration was longer
and there were fewer repetitions. The effect of having a strong initial syllable became stronger as
the phonological distance increased, which is similar to the interaction effect between initial
segmental overlap and initial stress: The effect of having a strong initial syllable is stronger when
the two words are less phonologically similar. In sum, the interaction between metrical structure
and segmental structure is not limited to initial segmental overlap; instead, it spans the whole
word. Thus, by calculating phonological distance in addition to manipulating initial segmental
overlap, we provided further evidence for the joint planning of metrical structure and segmental
structure.

Nonetheless, unlike what we found in the initial segmental overlap models, there was no
interaction effect between metrical overlap and phonological distance. One possibility is that
initial segments play a more important role than other segments, and taking into account all the
segments masks the interaction effect. Another potential explanation is the unbalanced
distribution of word pairs across different phonological distance values. Because phonological
distance is not a controlled variable in the current study, the number of word pairs across
different phonological distances vary. For instance, while there are 45 word pairs that have a

phonological distance of 5, only two word pairs have a phonological distance of 7, and only four
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word pairs have a phonological distance of 1. This unbalanced distribution may mask some
interaction effects between phonological distance and other variables, especially because the two
ends of the continuum (1 and 7) are not well-represented in our data. Therefore, future research
should consider manipulating phonological distance between words to further investigate
whether phonological distance has an effect on speech planning difficulty.

Comparison Between the Two Sets of Models

For both mean word pair duration and number of repetitions, the initial segmental overlap
models outperformed the phonological distance models, as evidenced by higher adjusted R’
values (0.031 vs. 0.024 for mean word pair duration, and 0.034 vs. 0.032 for number of
repetitions). Thus, accounting for segmental overlap in other positions does not significantly
improve the model’s predictive power for speech planning. Therefore, the current analysis
provided further support for the importance of the initial segment in lexical access, resonating
with previous work showing that initial segments are important for word processing (Marslen-
Wilson & Welsh, 1978). Moreover, previous research has shown that phonemes are activated
sequentially, from left to right (Sevald & Dell, 1994). Therefore, using the initial segments
during word identification is efficient: As soon as a segment in a candidate word does not match
with the intended word, the candidate word can be depressed to a lower activation level,
shrinking the number of highly activated candidate words.

Nevertheless, it needs to be noted that our results only suggest that segmental overlap in
other positions may not be as influential as initial segmental overlap, but do not suggest that
segmental overlap in other positions does not matter. In fact, many previous studies have shown
qualitatively similar effects of initial segments and final segments on word processing. For

example, Allopenna and colleagues (1998) showed that words that do not share initial segments
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but rhyme with the heard word are activated. Damian and Dumay (2007) observed a shortened
speech onset latency when the distractor word and the target word shared either the first syllable
or the last syllable. Brown and McNeil (1966) found that when people experience the Tip-of-the-
Tongue, even though it is more often that they can retrieve the initial segment of the word, they
sometimes can also retrieve the final segment. Because we did not control for whether the words
in a word pair share final segments, our data did not allow us to assess whether initial segmental
overlap and final segmental overlap have similar effects on word pair repetition. Future research
is needed to better understand how the segment position may affect the segmental overlap effect,
which will shed light on the nature of the phonological encoding process.

In sum, our results are in line with the account that metrical structure and segmental
structure are jointly represented, consistent with the conclusions drawn in Yiu and Watson
(2015), Myers and Watson (2019), and Myers and Watson (2021). In other words, each syllable
would have two versions: a stressed version and an unstressed version. In lexical representation,
one of the two versions of a syllable is specified for each syllable position. That is, when we
access the word “arrow,” we know that it consists of two syllables: the stressed version of /¢/ and
the unstressed version of /rou/. Therefore, our results are inconsistent with the WEAVER
model’s proposal about the planning of metrical structure and segmental structure which states
that there are two steps in the planning of metrical and segmental structures: The first step is the
parallel retrieval of the metrical structure and the segmental structure and the second step is the
association of the retrieved structures (Roelofs, 1997). Instead, our results suggest that the
metrical structure and the segmental structure are retrieved together, and thus, no association is

needed after the retrieval.


https://www.zotero.org/google-docs/?womRdj
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We did not find any facilitatory effects of initial segmental overlap nor metrical overlap,
contradicting previous findings (Damian & Dumay, 2007; Tilsen, 2011). One possible
explanation for the contradictory results lies in the methodology. In Damian and Dumay (2007),
participants produced spontaneous speech to describe a picture, whereas in our experiment,
participants repeated scripted word pairs. As shown in Allopenna and colleagues’ (1998) work,
being presented with a phonologically related word, either in the first syllable position or the
final syllable position, would activate the target noun word in the intended noun phrase and thus
speed up speech planning in Damian and Dumay’s (2007) experiment. However, in the current
experiment, the two words were already activated well before the speech production started:
Participants read the word pair silently for 4 seconds before starting to repeat the word pair out
loud. Although Tilsen (2011) also used a repetition task, there are two important differences
between our experiments that may contribute to the different results. First, sequences of four
trisyllabic nonwords were used in Tilsen’s (2011) experiment, while pairs of two real words
were used in our experiment, meaning that there was lexical access in our experiment but not in
Tilsen (2011). Thus, our different results suggest that the interference effect of metrical overlap
we observed may be specific to lexical processing but not to nonword processing, allowing us to
use our results to draw inferences on lexical representation. Second, in Tilsen (2011), the
stressed vowels were indicated by “ee” (e.g., “meetida” has a Strong-weak-weak stress pattern),
meaning that there was a cue specifically associated with the stress pattern of the nonword
sequences. On the contrary, participants in our experiment did not get any cue on the stress
pattern of the word pairs. Therefore, the experiment in Tilsen (2011) might guide participants to
pay more attention to the metrical structure of the nonword sequence. It is possible that this

greater attention to the metrical structure, together with the fact that there was no lexical access
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involved in Tilsen’s (2011) experiment, led to the observed facilitatory effect of metrical
structure.

In addition to the previously discussed implications for speech planning and lexical
representation theories, the current study also offered insight into how metrical sensitivity may
facilitate word processing. Because metrical structure and segmental structure are closely bound
in lexical representation, better recognition of the metrical structure may make the recognition of
the segments easier, accelerating the overall word processing. Although our current individual
differences analysis does not suggest how music processing skill may affect word pair repetition,
many previous studies have found that metrical sensitivity predicts reading comprehension in
children, after controlling for other important factors (e.g., age, phonological awareness, etc.).
For example, it was found that for children aged from 5 to 7, receptive sensitivity to speech
rhythm and non-speech rhythm each predicted a significant amount of unique variance in word
reading ability over and above age, vocabulary, phonological awareness, and short-term memory
(Holliman et al., 2010). Similarly, for children aged from 4 to 7, better sensitivity to metrical
stress reversal in words predicted better literacy, phonological awareness, and spelling ability
(Wood, 2006). Moreover, the influence of thythm on language development is present even
before children learn how to read. Starting in infancy, language-specific rhythm and stress are
well recognized and used: Infants as young as 4 days old already use linguistic thythm and stress
to differentiate their native language (in this case, French) from other languages (Mehler et al.,
1988). Language-specific rhythm and stress cues may later be used for spoken word processing
(Cutler & Mehler, 1993). For instance, recognizing that the majority of English words start with
a stressed syllable allows infants to use rhythm to identify word boundaries: The onset of a new

word is usually a stressed syllable.
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Indeed, children are getting a lot of cues to the metrical structure in language in daily life.
One source is child-directed speech (CDS). One important feature of CDS is that it has a larger
fundamental frequency (FO) range than adult-directed speech (ADS; Vosoughi & Roy, 2012). FO
is an important cue for signaling word stress, along with longer vowel durations and higher
intensity. Thus, by increasing the FO range, the difference between stressed syllables and
unstressed syllables would be exaggerated in CDS. That is, the metrical pattern is more
pronounced in CDS than in ADS, supporting children’s speech processing. Another source is
children’s literature, especially the metrically regular and rhyming language that is ubiquitous in
children’s literature (Beck & Konieczny, 2021). Taking previous work together, it is clear that
children are able to pick up metrical cues and use them in language processing and development.
Therefore, future work should explore how rhythmic and metrical training can be effectively
incorporated into literacy development programs.
An Alternative Explanation of the Current Results

Although the joint representation of metrical structure and segmental structure explains
well why the speech production was more challenging when there is metrical overlap or
segmental overlap, this is not the only explanation. An alternative explanation is that the
challenges that segmental overlap and metrical overlap cause come from two different sources:
segmental overlap word pairs are difficult to produce due to motor constraint, and metrical
overlap word pairs are difficult to produce due to rhythmic constraint.

Motor Constraint. We define motor constraint as the limit on how fast our muscles can
move to carry out two adjacent similar movements. Some insights into motor constraint are
provided by previous finger-tapping studies. It was observed that a healthy individual can tap

about 50-60 times per 10 s using the index finger of their dominant hand (Cousins et al., 1998;
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Da Silva et al., 2012; Schmidt et al., 2000). Finger-tapping rate has also been studied in the
context of sensorimotor synchronization which is defined as the coordination of an action with a
rhythmic stimulus sequence (e.g., auditory clicks, visual flashes of light, etc.). Bartlett and
Bartlett (1959) asked participants to make a single tap that coincided with any click in an
isochronous click sequence. They found that all three participants failed to synchronize with the
click sequence when the inter-onset interval (I0I) was 125 ms, suggesting that this 1OI is shorter
than the fastest IOl their finger tapping can synchronize to. Together, these findings suggest that
there exists an upper limit on the finger tapping rate.

Similarly, muscle movement is involved in speech production: Our lips, tongue, teeth,
glottis, lungs, and many other organs are actively engaged when we produce sounds. Therefore,
the constraint on how fast these muscles can move would also result in a constraint on how short
the interval between two adjacent sounds can be. This interval would also be affected by the
specific sounds involved. For example, two similar sounds occurring close to each other is harder
to produce than two dissimilar sounds occurring close to each other. In fact, there is a
phonological change called dissimilation that is specifically responsible for making two similar
sounds in a word less similar. Given that our experiment requires participants to repeat short
word pairs at a fast speech rate, when there is segmental overlap, the same sound needs to be
produced temporally close to each other. Therefore, these word pairs including segmental
overlap would require a longer duration than word pairs without segmental overlap, simply
because some delay is needed to produce the similar sounds. Because this constraint is not
limited to initial segmental overlap, it accounts well for our findings that segmental overlap in
any position made the production more challenging and that the more segmental overlaps there

were in the word pair, the more challenging the production was.
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Rhythmic Constraint. Inspired by Cummins and Port (1998), we regard rhythmic
constraint as the constraint that speech rhythm imposes on the timing of lower-level speech units.
In other words, speech rhythm is a higher-level dynamic within which the timing of the lower-
level smaller units of speech production are constrained. An analogy they used to explain this
idea is that speech rhythm is like the steering wheel of a car and the smaller speech units are like
the four wheels of the car. It is hard for drivers to control four wheels because they can each
point in any direction (i.e., there are four degrees of freedom). However, with a steering wheel
that controls all four wheels together, there is only one degree of freedom, making the task for
drivers much easier. Similarly, in speech production, smaller speech units can in principle be
produced at any time, making it challenging to organize the timing of every individual speech
unit. However, with speech rhythm functioning as a higher-level coordinating mechanism that
organizes and constrains the timing of these lower-level speech units, the degree of freedom is
reduced, making the temporal organization of speech production much easier.

Cummins and Port (1998) also showed experimental results that suggest that a lower-
level dynamic in speech production exists, a higher-level dynamic in speech production exists,
and this higher-level dynamic lies in speech rhythm. During their speech cycling experiments,
auditory high and low tones were played. They defined the interval between two adjacent high
tones (i.e., from the onset of a high tone to the onset of the next high tone) as a cycle that has a
phase value of 1. The duration of the high tone was fixed while the duration of the low tone
varied, such that the target phase value of the low tone duration was randomly selected from a
uniform distribution between 0.3 and 0.7. These tone sequences were played and participants
were asked to repeat short phrases (e.g., “big for a duck™) in coordination with the tone sequence.

Participants continued repeating the phrase after the tone sequence ended. About half of the
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repetitions were produced while the tone sequence was present, and about half of the repetitions
were produced while the tone sequence was absent. They measured the phase value of the
interval from the onset of the second stressed syllable in one repetition to the onset of the first
stressed syllable in the next repetition (e.g., from the onset of “duck” to the onset of following
“big”) and compared the observed phase value to the target phase value.

They found that while in principle participants can produce any phase values between 0.3
and 0.7, in actuality they produced two or three phases reliably at values close to %, %, and % This

within- and between-subject convergence of preferred phase suggests that a higher-level
dynamic exists in speech production. The rhythmic nature of the experiment further suggests that

this higher-level dynamic is about speech rhythm. Moreover, the phrase was produced with

different prosodic structures depending on the preferred phase. For phase values close to % and
%, the phase is divided into two feet: [big for a] [duck]. The difference between this two phase
values is that, when the phase value is close to %, a silent beat is inserted, such that the prosodic

structure is [big for a] [duck] [], where as when the phase value is close to %, the silent beat is not
needed, such that the prosodic structure is simply [big for a] [duck]. The production for phase
values close to % is more different from the above-mentioned patterns: The phase is divided into

three feet: [big] [for a] [duck]. Therefore, a phase value specified in the speech rhythm (i.e., the
higher-level dynamic) coordinates the metrical feet (i.e., the lower-level dynamic), supporting
the existence of rhythmic constraints on stress timing in English.

Given that our experiment also has a repetitive nature and that there exists a fixed
metrical structure within each word pair, the rhythmic constraint proposed by Cummins and Port

(1998) should apply. Thus, it is possible that word pairs without metrical overlap have fewer
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phases than word pairs with metrical overlap. One possible way for this to happen is for Strong-
weak sequences to take roughly the same time as Strong-weak-weak sequences. Indeed, Fant and
Kruckenberg (1996) found that, during reading aloud in Swedish, the average duration of
interstress interval was about 540 ms, the average duration of stressed syllables was 270 ms, and
the average duration of unstressed syllables was 132 ms. According to these durations, a Strong-
weak sequence, if followed by a stressed syllable, should take about 540 ms because this is one
interstress interval. A Strong-weak-weak sequence, if followed by a stressed syllable, should also
only take about 540 ms for two reasons. First, at the surface level, the total duration of a stressed
syllable and two unstressed syllable is about 534 ms (270 + 132 + 132 = 534). Second, given that
this sequence is followed by another stressed syllable, the duration of this sequence is also one
interstress interval. In other words, the duration of a Strong-weak-weak sequence can be the
same as the duration of a Strong-weak sequence. Therefore, each word pair with metrical overlap
has two cycles: Strong-weak Strong-weak word pairs have [Strong-weak] [Strong-weak] and
weak-Strong weak-Strong word pairs have [weak-Strong] [weak-Strong]. On the contrary, each
word pair without metrical overlap has less than two cycles. Strong-weak weak-Strong word
pairs have [Strong-weak-weak] [Strong], where [Strong-weak-weak] is one cycle and [Strong] is
shorter than one cycle because it has a shorter duration than [Strong-weak]. For weak-Strong-
Strong-weak pairs, the [Strong-weak] part at the end of a repetition and the [weak] part at the
start of the next repetition can form a [Strong-weak-weak] cycle. Therefore, on average, a weak-
Strong Strong-weak word pair would also have fewer than two cycles. Hence, word pairs without
metrical overlap would be easier to produce than word pairs with metrical overlap. This
hypothesis can be tested by measuring the duration of each syllable and comparing whether

[Strong-weak-weak] syllable sequences have similar duration to [Strong-weak] syllable
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sequences, regardless of whether the sequence is within a repetition or spans across repetitions.
Individual Differences and Speech Planning
Individual Differences in WMC

Our hypothesis that there would be an interaction effect between WMC and metrical
overlap and an interaction effect between WMC and initial segmental overlap was not supported.
We would need more data to determine whether this lack of effect is due to a weak statistical
power.

However, we found a main effect of WMC on all three dependent variables: People with
better WMC had longer mean word pair duration and fewer repetitions but fewer errors than
people with worse WMC. One possible explanation is that people with better WMC were indeed
able to plan the whole word pair at once. Thus, they did not need to remap the speech plans,
resulting in fewer errors. At the same time, however, planning two words required more time
than planning only one word, leading to a longer mean word pair duration and fewer repetitions.
Nonetheless, one piece of evidence against this explanation is Arnold and Nozari’s experiment
exploring the causal relationship between working memory and message planning (Arnold &
Nozari, 2017). They found that while participants who got sham Transcranial Direct Current
Stimulation (tDCS) required longer speech onset latency to produce more coherent discourse,
participants who got anodal tDCS to stimulate left prefrontal cortex (a brain region found to be
associated with working memory) were able to produce similar coherent discourse without a
longer latency. That is, enhancing working memory by activating the associated brain region
enables better message-level speech planning without a time cost. However, message-level
planning and phonological planning are very different, and thus the role of WMC in these two

processes may also be very different. For example, previous picture-word interference
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experiments have shown that verbal working memory load reduced the scope of phonological
planning, but not semantic planning (Klaus et al., 2017).
Individual Differences in Music Perception Skill

Our hypothesis that there would be an interaction effect between music perception skill
and metrical overlap was not supported. More data are needed to determine if this lack of effect
is due to the small sample size. However, we found a main effect of music perception skill on
mean word pair duration and number of errors: People with better music perception skill had
shorter mean word pair duration but produced more errors.

The opposite effects of WMC and music perception skill we observed can be explained
by the distribution of WMC and music perception skill in the participants included in the current
analysis. Out of the 10 participants, only one of them got high scores for both WMC and music
perception skill, only one of them got low scores for both WMC and music perception skill, four
of them got a high WMC score but low music perception score, and four of them got a high
music perception score but a low WMC score. In other words, the majority of the participants is
good at one individual difference measure and bad at the other. Therefore, the effect we found of
having a high WMC score is likely the effect of having a high WMC score and a low music
perception score; similarly, the effect we found of having a high music perception score is likely
the effect of having a high music perception score and a low WMC score. Fortunately, an
examination of the 58 participants who will be included in the future analysis showed that there
is no overall correlation between an individual’s WMC score and music perception score (r =
0.051, p =0.7). Therefore, we anticipate being able to uncover more meaningful effects of

individual differences measures in the future analysis.
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Conclusion

Using a tongue-twister word pair repetition paradigm, the current study explored whether
metrical structure and segmental structure are independently or jointly planned during English
speech production. We found that speech production was more difficult when there was either
metrical overlap or segmental overlap. Furthermore, speech production was even more
challenging when there were both metrical and segmental overlaps. Thus, replicating and
extending Myers and Watson’s (2021) findings, our results favor the account that metrical
structure and segmental structure are jointly planned during phonological encoding. Our results
also suggest that metrical structure is bound to segmental structure in lexical representation. That
is, each syllable has two versions: a stressed version and an unstressed version. This finding
suggests that better metrical sensitivity may facilitate segmental recognition, enhancing word
processing skills. Therefore, future work should be done to explore how metrical training may be
effectively integrated into literacy development programs. In addition, we also found that speech
production was easier when the first syllable of the word pair was stressed and that segmental
overlap, not only in the initial position, but in any position, affected speech planning difficulty.
These results further suggest that speech planning is complicated and can be influenced by many
factors. In future analysis, our data on individual differences in WMC and music perception
skills will allow us to reveal how these individual differences may affect phonological encoding
and speech production, providing insights into the non-linguistic factors that affect speech

production difficulty.
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APPENDIX

Word Pairs with Initial Segmental Overlap

Metrical Overlap No Metrical Overlap
Initial Stress: S Initial Stress: w Initial Stress: S Initial Stress: w
SwSw wSwS SwwS wSSw
arrow error array arrive error array arrive arrow
ballot ballad ballet balloon ballad ballet balloon ballot
beaker beagle become because beagle become because beaker

candle candy
carrot carriage
college column
concept concert
corner coral
desert despot
dismal distant
exit extra
infant info
mister missive
offer office
parrot parent
pastor passive
purple purchase
recent reason
relic relish

secret seeker

canoe cavort
career caress
collage collide
concern conceal
correct corrupt
dessert design
dismay dismiss
exam excel
inform infer
mistake misstep
offend afoot
parade parole
pastel possess
pursuit persist
recite recede
relax relate

secure secrete

candy canoe
carriage career
column collage
concert concern
coral correct
despot dessert
distant dismay
extra exam
info inform
missive mistake
office offend
parent parade
passive pastel
purchase pursuit
reason recite
relish relax

seeker secure

cavort candle
caress carrot
collide college
conceal concept
corrupt corner
design desert
dismiss dismal
excel exit
infer infant
misstep mister
afoot offer
parole parrot
possess pastor
persist purple
recede recent
relate relic

secrete secret
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Table A2

Word Pairs Without Initial Segmental Overlap

Metrical Overlap

No Metrical Overlap

Initial Stress: S

Initial Stress: w

Initial Stress: S

Initial Stress: w

SwSw wSWS SwwS wSSw
candy arrow cavort array candle arrive canoe error
passive ballot possess ballet pastor balloon pastel ballad

relish beaker
seeker candle
purchase carrot
missive college
despot concept
office corner
error desert
info dismal
parent exit
carriage infant
concert mister
extra offer
distant parrot
coral pastor
reason purple
column recent
beagle relic

ballad secret

relate become
secrete canoe
persist career
misstep collage
design concern
afoot correct
arrive dessert
infer dismay
parole exam
caress inform
conceal mistake
excel offend
dismiss parade
corrupt pastel
recede pursuit
collide recite
because relax

balloon secure

relic because
secret cavort
purple caress
mister collide
desert conceal
offer corrupt
arrow design
infant dismiss
parrot excel
carrot infer
concept misstep
exit afoot
dismal parole
corner possess
recent persist
college recede
beaker relate

ballot secrete

relax beagle
secure candy
pursuit carriage
mistake column
dessert concert
offend coral
array despot
inform distant
parade extra
career info
concern missive
exam office
dismay parent
correct passive
recite purchase
collage reason
become relish

ballet seeker
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