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Abstract

Language has a rhythmic structure, but little is known about the mechanisms that underlie how it is planned. Traditional models
of language production assume that metrical and segmental planning occur independently and in parallel (Roelofs & Meyer
Learning Memory and Cognition, 24(4), 922-939, 1998). We test this claim in two experiments. In Experiment 1, participants
completed an event-description task in which a disyllabic target word shared segmental overlap with a prime that either had
matching or nonmatching lexical stress. Participants lengthened words in trials with both segmental and metrical overlap, which
could either be the result of metrical interference or having uttered a prime with similar segmental realizations. To adjudicate
between these possibilities, Experiment 2 included segmentally distinct word pairs with either matching or nonmatching stress.
Participants again showed lengthening in trials with both segmental and metrical overlap, but no lengthening from metrical
overlap alone. These data suggest that the acoustic-phonetic similarity of the initial syllables of the prime and target creates
competition that leads to word lengthening. These are consistent with production models in which segmental and metrical

structures are tightly bound at the point of phonological encoding.

Keywords psycholinguistics - motor planning/programming - phonology - speech production

Spoken English is composed of continuous chains of stressed
and unstressed syllables that create a rhythmic pattern in
phrases such as Sterling Cooper Draper Pryce or Dunder
Mifflin Paper Company. This rhythmic framework across syl-
lables is called metrical structure or meter. In English, sylla-
bles may be stressed by accentuating pitch, intensity, and
durational variations, and meter is thought to play a role in
segmenting words in the speech signal (Pitt & Samuel, 1990).
Meter also plays a role in distinguishing between words that
are otherwise identical phonologically, such as DES-ert (a
barren landscape) versus dess-ERT (a tasty treat). Despite
these observations about meter, it is not clear how word stress
is planned and encoded during speech production.

Current theories of lexical production assume that metrical
structure is planned independently of segmental structure
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(Levelt, Roelofs, & Meyer, 1999; Schiller, Jansma, Peters, &
Levelt, 2006). According to Levelt et al. (1999), word-form
generation involves separately retrieving phonemes and stress
patterns, and then associating the phonological segments with
the metrical frame. Roelofs and Meyer (1998) conducted a
series of implicit priming experiments to test the indepen-
dence of phonological and metrical encoding within the
framework of the Word-form Encoding by Activation and
Verification (WEAVER) model (Roelofs, 1997). They tested
this by teaching participants prime—target word pairs. During
testing, the experimenters presented the subject with a prime
and measured the onset latency to articulate the associated
target word. Roelofs and Meyer (1998) found that pairs with
both segmental and metrical overlap were produced with
shorter reaction times, suggesting that overlap can facilitate
lexical access by priming the target word. However, they did
not find an effect when prime—target pairs shared only one
feature—either segmental or metrical structure. Therefore,
they concluded that processes associated with planning seg-
mental and metrical structure are independent and run in par-
allel. They argue that priming one system is not facilitative
because the other unprimed system acts as a bottleneck,
preventing language production from proceeding until pro-
cessing in all systems is complete.
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Other models have also proposed that segmental and met-
rical structures are independent (e.g., Keating & Shattuck-
Hufnagel, 2002). Evidence for this comes from analyses of
speech errors in which speakers misplace sound segments, as
in “well-boiled icicle” (well-oiled bicycle) or “Is the bean diz-
zy?” (Is the dean busy?). Misplaced segments generally main-
tain their position within a syllable; that is, an onset exchanges
for an onset, nucleus for nucleus, and coda for coda (MacKay,
1970; Shattuck-Hufnagel, 1987), suggesting that there is a
predetermined metrical outline that is independent of seg-
ments. In addition, when speakers produce segmental errors,
the overall stress pattern of the utterance is typically preserved
(Berg, 1990; Shattuck-Hufnagel, 1986).

In this paper, we investigate whether metrical and segmen-
tal representations are actually planned independently or
whether they rely on the same representations. To answer this
question, we use a paradigm that has been used to understand
the processes that underlie phonological encoding. It has been
argued that phonological encoding—the process of selecting
and ordering the phonemes in a word—occurs serially in time
such that phonemes are selected sequentially (e.g.,
O’Seaghdha & Marin, 2000; Sevald & Dell, 1994). Sevald
and Dell (1994) found that word pairs with initial segmental
overlap (e.g., pick—pin) are produced at a slower rate than
word pairs with final segmental overlap (e.g., pick—tick).
They argue that the production of initially overlapping pho-
nemes [p ] activate lexical representations for both words,
which then compete with one another. This interference leads
to overall longer word durations because the system slows
down over the course of articulating the entire word in order
to accommodate phonological activation time. Lexical com-
petition for overlapping offsets [ k] is lower because interfer-
ence does not occur until the end of the word, which leads to
less overall miscuing of the correct sound sequence. These
findings suggest that phonological overlap between words
may create competition in production planning, for which
the system requires additional time for generating the appro-
priate word form (Watson, Buxo6-Lugo, & Simmons, 2015).

This phonological-related lengthening effect has been
found in numerous event description experiments (e.g.,
Buxo6-Lugo, Jacobs, & Watson, 2018; Yiu & Watson, 2015).
Yiu and Watson (2015) found that when a prime word over-
laps phonologically with a target word, the target’s duration
increases. In “The beetle shrinks. The beaker flashes,” the
target—beaker—has a longer duration than usual due to over-
lap with the prime—beetle. Using a similar paradigm, Buxo-
Lugo et al. (2018) found that these lengthening effects occur
even when the prime is produced by another speaker, suggest-
ing that auditory feedback mechanisms may play a role in
ordering the sounds of a word (also see Guenther, 2014;
Hickok, 2014; Jacobs, Yiu, Watson, & Dell, 2015).

Thus, phonological overlap interference offers a useful tool
for investigating speech-planning mechanisms. In the context
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of the overlap interference paradigm, we can assume that if a
target lengthens, the dimension of overlap with the prime is (a)
encoded serially and (b) can lead to competition between lex-
ical representations. In the current set of studies, we use this
paradigm to examine the organization of metrical and segmen-
tal spell-out in two experiments. Our strategy was to first test
whether metrical structure has the same effect on duration as
segmental structure (Experiment 1). If so, we can then use this
paradigm to explore whether segmental and metrical struc-
tures are planned independently during phonological
encoding or whether they interact (Experiment 2).

In Experiment 1, we manipulated whether primes and tar-
gets overlapped metrically while keeping segmental overlap
constant. Prime and target words either shared the same met-
rical structure or had differing metrical structures. If metrical
planning engages the same types of encoding mechanisms as
segmental planning, we should see similar overlap-driven
lengthening effects, with longer productions of a target word
when the prime shares the same metrical structure. In
Experiment 2, we manipulated both segmental overlap and
metrical overlap independently to directly test whether seg-
mental and metrical planning have independent roles in pho-
nological encoding or whether metrical and segmental infor-
mation interact.

Experiment 1
Method
Participants

Sixty-nine healthy adults (age range: 18-27, M = 20.3 years,
SD =24, 51 female) participated in this study, a sample size
that was similar to that of previous studies that have used this
paradigm (Jacobs et al., 2015; Yiu & Watson, 2015).
Participants were native speakers of English recruited from
the Vanderbilt University Psychology Department subject
pool, and they either received course credit or $10 for partic-
ipating in the study. All participants provided written informed
consent in accordance with the Vanderbilt University
Institutional Review Board.

Materials

A set of 144 color images was selected from the Snodgrass
and Vanderwart (1980) data set (Rossion & Pourtois, 2001)
and clip art. A subset of 72 images served as the critical items,
and the remaining 72 images were filler items. Critical items
consisted of 18 targets and 54 primes. There were three
conditions:

1. Same meter: The candy shrinks. The candle flashes.
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2. Different meter: The canteen shrinks. The candle flashes.
3. Control: The giraffe shrinks. The candle flashes.

In the same and different meter conditions, the prime—
target pairs had segmental overlap for their initial segments,
and the meter of the words either matched (1) or did not match
(2). In the control condition (3), the prime—target pairs had no
segmental overlap and had nonmatching meter.

A Latin square design yielded three counterbalanced lists
of items, such that each participant was presented with 18
critical prime—target pairs. An equal number of trochees and
iambs were used as critical targets. Each list had six critical
pairs for each of the three conditions. In addition, participants
were exposed to 38 noncritical pairs, drawn from the filler
items, for a total of 56 trials in the experiment. Trials were
randomized for each participant.

Audio recording

Participant responses were recorded via a head-mounted mi-
crophone at a sampling rate of 44100 Hz. Participants were
instructed to speak directly into the microphone as they de-
scribed the events on the computer screen.

Procedure

Participants completed the experiment on a Mac computer in
MATLAB using the CogToolbox (Fraundorf et al., 2014) and
Psychophysics Toolbox 3 (Kleiner, Brainard, & Pelli, 2007).
Participants first completed a training task to learn the names
of potentially difficult to name items (e.g., Buxo6-Lugo et al.,
2018). Items were displayed in the center of the screen with
the intended label at the top of the screen, and participants
recited the label aloud. They were encouraged to use these
names during testing.

Following item training, participants received instructions
for the experiment. For each trial, four images were displayed
equidistant around the center of the screen (see Fig. 1). One

Fig. 1 Example display of event description task. The images for candy
and candle form a critical prime—target pair, and flower and button are
filler items

image—the prime—would shrink, and participants described
the action. Then another image—the target—would flash, and
participants described the action. Events occurred in the same
order for all trials (i.e., shrinking then flashing). The first three
trials were conducted with the experimenter present, and the
subject was allowed to ask questions if needed. Trials were
randomized and separated into three blocks, allowing partici-
pants to take a break between blocks as needed.

Acoustic analysis

Speech recordings were analyzed in Praat (Boersma &
Weenink, 2017), using manual segmentation to code the start
and end times of target words. Three coders (including the first
author) analyzed a subset of all trials in isolation using spec-
trographic and waveform information, and coders were blind
to experimental condition of the trials. Target words were
segmented such that they were not identifiable as anything
other than the targets. Praat scripting was used to calculate
the duration of each target word. Interrater reliability was
assessed by comparing manual coding from a random subset
of trials (~10%) between all coders and the first author, who
was blinded to the original measurements and experimental
condition. The intraclass correlation coefficient (ICC) was
calculated using a one-way single-measures approach, and
the average of these was ICC = 0.931, indicating excellent
agreement between coders.

Results

Target-word durations across conditions were analyzed, and
only target utterances that matched the intended label were
considered in the analyses. Trials were excluded if participants
mispronounced the prime or target, or if they used alternate
names (e.g., boat for canoe, orchestra for quartet, cologne for
perfume). A total of 97 out of 1,242 trials met these criteria
and were removed. Scripts and the complete data set are avail-
able at https://osf.io/zk4qv/.

To examine the effects of condition on word duration, re-
sults were analyzed using a linear mixed-effects model, with
condition as a fixed effect and random slopes and intercepts
by item and by participant. Models were built using R package
Ime4 Version 1.1-10 (Bates, Maechler, Bolker, & Walker,
2015). Data were log transformed and centered. Helmert con-
trasts were used in model development such that the condition
with segmental and metrical overlap was compared with the
average of the segmental overlap and control conditions, and
the segmental overlap condition was compared with the con-
trol condition. Significance was assumed for ¢ values with an
absolute value above 1.96 in a two-tailed test (Baayen, 2008).

We found that target items with segmental and metrical over-
lap were significantly longer than target items in the other con-
ditions (3 = 0.047, ¢ = 3.729), and target items in the segmental
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overlap condition were significantly longer than target items with
no overlap (3 =—0.033,  =—2.446). Table 1 displays parameter
estimates for the model. Additionally, iambs were significantly
longer than trochees (3 = —0.138; ¢t = —2.707), regardless of
condition; there was no interaction between meter type and over-
lap condition. Figure 2 displays average target durations by con-
dition for this experiment.

Discussion

In this experiment, we replicate previous findings that have
shown that segmental overlap leads to significant word lengthen-
ing compared with prime—target pairs that do not overlap. We
also found that the addition of metrical overlap leads to even
more lengthening. This experiment demonstrates that metrical
structure plays a role in the dynamics of phonological encoding,
and representational similarity at the metrical level between prime
and target has the same planning consequences for encoding as
segmental similarity. It is also potentially consistent with the no-
tion that segmental and metrical spell-out occur through separate
but similar processes (e.g., Roelofs & Meyer, 1998).

However, an alternative explanation for the additive effect
of metrical and segmental overlap is that the two representa-
tions are not independent, and a representation that has access
to both segmental and metrical information guides phonolog-
ical encoding. Although there are multiple ways to think about
what such a representational system might look like (see the
General Discussion), one possibility is that encoding depends
on a representation that tracks acoustic-phonetic detail that
includes metrical and segmental information. That is to say,
the overlapping syllable in words with the same stress pattern
(candy/candle) are more similar than overlapping syllables in
words with a conflicting stress pattern (canteen/candle). Thus,
it is possible that an acoustically detailed representation that
includes both metrical and segmental information is used in
phonological encoding and is driving the lengthening/
competition effects we see in Experiment 1.

Thus, our goal in Experiment 2 was to understand whether
segmental and metrical planning occur independently or whether
they share representations at the level of phonological encoding.
To adjudicate between these possible explanations, we intro-
duced a condition with metrical overlap alone in Experiment 2.
If the lengthening effect from Experiment 1 is driven by metrical
similarity, rather than acoustic-phonetic similarity, we should see

Table 1  Fixed effects estimates for target word durations in Experiment 1

Experiment 1

Fixed effects B t
Segmental & metrical vs. segmental, control 0.047 3.729
Segmental vs. control —-0.033 —2.446
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Experiment 1
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Condition

Fig. 2 Average duration (in seconds) of target words by condition in
Experiment

lengthening in a condition in which there is metrical overlap
between prime and target but no segmental overlap.

Experiment 2
Method
Participants

Sixty native English speakers (age range: 18-32, M = 19.9
years, SD = 2.8, 47 female) participated in this study.
Recruitment procedures were the same as Experiment 1, with
the caveat that participants were not permitted to participate in
both experiments.

Materials

A set of 160 color images was selected from the Snodgrass
and Vanderwart (1980) data set (Rossion & Pourtois, 2001)
and clip art, which included 80 critical items and 80 filler
items. Critical items consisted of 16 targets and 64 primes.
Prime—target pairs were arranged into four conditions:

1. Metrical & segmental overlap: The ballet shrinks. The
balloon flashes.

2. Segmental overlap alone: The ballot shrinks. The balloon
flashes.

3. Metrical overlap alone: The guitar shrinks. The balloon
flashes.

4. No overlap: The trumpet shrinks. The balloon flashes.

We used a Latin square design, which yielded four
counterbalanced lists of items, such that each participant was
exposed to 16 critical prime—target pairs—four pairs for each
of'the four conditions. An equal number of trochees and iambs
were used in each list. In addition, participants were exposed
to 32 noncritical pairs, drawn from the filler items, for a total
of 48 trials in the experiment.
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Procedure

The design and instructions were the same as in Experiment 1.
The primary difference between experiments was in the ma-
terials used. The predictions and data analysis strategy for
Experiment 2 were preregistered through the Open Science
Framework (Myers & Watson, 2018). There were two coders
in this experiment, and interrater reliability was assessed as in
Experiment 1, with an average ICC = 0.953, indicating excel-
lent agreement between coders.

Results

As in Experiment 1, target word durations were manually
coded in Praat, and trials were excluded if the prime or target
were mispronounced or incorrectly named. A total of 59 out of
944 trials were removed. Scripts and the complete data set are
available at https://osf.io/zk4qv/.

Maximal mixed-effects models were built in the same manner
as in Experiment 1 to examine the fixed effects of segmental
overlap, metrical overlap, and their interaction. An ANOVA
was carried out to determine the best fitting model, which includ-
ed random slopes and intercepts for the Segmental x Metrical
interaction by item, as well as the segmental and metrical manip-
ulations by participant.’ Data were log transformed and centered.
Significance was assumed by ¢ values with absolute value above
1.96 in a two-tailed test (Baayen, 2008). There was a significant
main effect of segmental overlap (3 = 0.054, ¢ = 5.038) and a
significant interaction between segmental and metrical overlap
(3 =-0.038, =—2.030). No main effect of metrical overlap was
observed. Table 2 displays parameter estimates for the model.
Additionally, iambs had longer durations than trochees on aver-
age (3 =—0.162, t = —3.216), regardless of condition; there was
no interaction between metrical type and overlap condition.
Figure 3 displays average target durations by condition for this
experiment.

Discussion

We replicated the findings from Experiment 1 by showing that
segmental overlap alone leads to significant word lengthening,
and metrical and segmental overlap lead to even longer word
durations. However, speakers did not lengthen words with
metrical overlap alone; this condition was no different than
the control condition without overlap. Although we hesitate

! Two models converged that were one step down from the maximal model.
These models did not differ significantly from one another. Both models
yielded a significant segmental by metrical overlap interaction using the 1.96
criteria. However, the /merTest function yielded an interaction that was mar-
ginal for one model but significant for the other. We report findings from the
best fitting model based on AIC, BIC, and log-likelihood scores although the
interaction in this model (¢ = —2.030) was marginally significant according to
ImerTEST but significant using the 1.96 threshold.

Table 2 Fixed effects estimates for target word durations in Experiment 2

Experiment 2 B t
Segment overlap 0.054 5.038
Metrical overlap -0.017 -1.714
Segmental x Metrical —0.038 -2.030

to draw conclusions from a null result, the data seem to con-
tradict previous claims that meter and segments are planned as
parallel independent processes (Roelofs & Meyer, 1998), at
least during the stage of phonological encoding. Because me-
ter by itself did not affect word duration in Experiment 2, it
seems that stress is closely bound to segmental representations
in phonological encoding.

General discussion

In two experiments, we tested the hypothesis that metrical and
segmental spell-out occur as distinct but parallel processes
(Roelofs & Meyer, 1998). We used word lengthening driven
by segmental and metrical overlap as an index of whether
these two types of linguistic structures are planned indepen-
dently or together. Both Experiments 1 and 2 revealed length-
ening when primes and targets had metrical and segmental
overlap, but in Experiment 2 we found no evidence of length-
ening from metrical overlap alone. This suggests that repre-
sentations for metrical stress and segmental structure are
linked, at least at the point of phonological encoding.
Experiment 2 also revealed that segmental overlap in the ab-
sence of metrical overlap leads to lengthening, suggesting that
segmental representations may play a more central role in
planning than metrical representations.

Although the current data suggest that metrical and seg-
mental structure are linked at phonological encoding, it is
unclear what the precise mechanism for this might be. One
possible explanation that we discussed above is that the fine-
grained acoustic properties of sounds—rather than more

Experiment 2
Target Word Duration

0.54
0.52
0.50
0.48

Duration (s)

Segmental & Segmental Metrical Control
Metrical Overlap Overlap Overlap
Condition

Fig. 3 Average duration (in seconds) of target words by condition in
Experiment 2. Error bars represent standard error for each condition
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abstract metrical and segmental representations—play a role
in speech planning. It is possible that the production system
maintains individuated representations for stressed and un-
stressed syllables (e.g. /ca-/ in candle and canteen) and uses
these bound representations when ordering the sounds of the
word. There is ample evidence suggesting that contextual in-
formation, including variability in productions, is maintained
in long-term linguistic representations alongside segmental
information (see Pierrehumbert, 2016, for review). This sug-
gests that at the very least, speakers are capable of maintaining
detailed acoustic forms of words and syllables, and this could
potentially include whether a syllable is stressed or not.

There is also evidence that this type of detailed acoustic
representation may play a role in the encoding process by
serving as the basis of feedback to the production system
during articulation. We know that auditory feedback plays a
key role in tracking the state of the production system during
articulation, and it has been argued that one function of audi-
tory feedback is to provide information about deviations from
the intended output (see Guenther, 2014; Hickok, 2014, for
review). Data from Jacobs et al. (2015) suggest that phono-
logical overlap interference effects may be driven in part by
auditory feedback. They found that producing a prime aloud
affects a subsequent target word’s duration, but producing the
prime as inner speech or silent mouthing does not. Similarly,
Buxo6-Lugo et al. (2018) found that subjects lengthened a tar-
get word when they produced a phonologically overlapping
prime, but lengthening also occurred when a different speaker
produced the prime. No target lengthening occurred when the
subject silently mouthed the prime. These findings suggest
that the acoustic realization may be related to the interference
effect, possibly by influencing representations that are used in
feedback mechanisms for speech encoding. Taken together,
these studies suggest that acoustic representations of words
and syllables may play a role in sequencing the sounds of
words, possibly through feedback.

Another possibility is that metrical and segmental represen-
tations are independent and abstract, but interact strongly in
the course of phonological encoding. This is consistent with
previous data from the literature suggesting that meter and
segmental representation are separate at least at some points
in speech planning. In speech errors, misplaced syllables tend
to maintain their word position, and sentence level stress tends
to maintain its sentence position, even when the word to
which it was meant to be attached mistakenly appears else-
where in the sentence (MacKay, 1970; Shattuck-Hufnagel,
1987). In addition, as we discussed above, Roelofs and
Meyer (1998) present evidence from production tasks that
suggests that meter and segments are planned independently.
However, one puzzle for accounts that posit separate (but in-
teractive) representations of metrical and segmental structure
in phonological encoding is that segmental overlap between
primes and targets alone seemed to lead to word lengthening,
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but the same is not true for metrical overlap. This would entail
that metrical information may be available to segmental rep-
resentations, but not vice versa. Future studies will need to
explore how metrical and segmental information interact
throughout the speech planning process, but the data here
suggest that at the point of phonological encoding, these two
types of information are not completely separate, or at least
interact strongly.

In sum, these data suggest that segmental and metrical infor-
mation are intimately connected in sequencing the sounds of
words. We did not see evidence of independent metrical and
segmental planning at the point of phonological encoding, sug-
gesting that this level of speech planning may rely on represen-
tations for which segmental and metrical information are joined.
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