
Metrical enhancement in American English nuclear 
tunes
Jeremy Steffman, The University of Edinburgh, UK, jeremy.steffman@ed.ac.uk

Jennifer Cole, Northwestern University, US, jennifer.cole1@northwestern.edu

We present two experiments aimed at testing the nature of intonational categories through 
the lens of enhancement. In an imitative speech production paradigm, speakers heard a model 
intonational tune and were prompted to reproduce that tune on a new sentence in which the 
syllable count of the word carrying the tune varied. Using the prevalent auto-segmental metrical 
model of American English as a basis for potential tune categories, we test how distinctions 
among tunes are enhanced across different metrical structures. First, with a clustering analysis, 
we find that not all predicted distinctions are emergent. Secondly, only the largest distinctions, 
those that emerge in the clustering analysis, are enhanced as a function of metrical structure. 
Measurable differences between tunes which cluster together are detectable, but critically, are 
not enhanced. We discuss what these results mean for the nature and number of intonational 
categories in the system.
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1 Introduction
The study of intonational phonology has long been concerned with the question of intonational 
categories: what are the phonological atoms (for a given language), and how are they manifested 
in the speech signal? This question is a necessary complement to the study of the function of 
intonation as a phonological system and its role in conveying linguistic meaning in speech. 
However, even in the relatively well-studied intonational system of American English, there 
remain longstanding and continued questions about the number and fundamental nature of 
intonational categories (e.g., Gussenhoven 1984; Dilley & Heffner 2013; Ladd 2022). In the 
present study we pursue a fresh approach to the question of intonational categories in American 
English. In analogy to phenomena in the segmental domain, we examine intonational categories 
through the lens of enhancement. With intonation elicited using an imitative speech production 
paradigm, in which participants hear and reproduce an intonational melody, we examine 
intonational melodies realized across various metrical structures (primarily varying syllable 
count) for evidence that predicted phonological distinctions are, or are not, enhanced. In what 
follows we motivate the general research question, define and operationalize enhancement, and 
describe the logic of the experiments presented here.

1.1 Intonational Phonology and Intonational Categories
One common framework for understanding and modeling intonational phonology is Auto-
segmental Metrical (henceforth AM) Theory. The phonological atoms in the theory are high 
(H) and low (L) tones which, depending on the language, serve different functions in marking 
prominence and boundaries in speech. In the prevalent AM model of Mainstream American English 
(MAE) (Pierrehumbert 1980; Beckman & Pierrehumbert 1986), H and L tones may associate with 
lexically stressed syllables in words with phrase-level prominence. These intonational features 
are called “pitch accents”, and are indicated as H* and L*. Pitch accents can also have two 
component tones, in which case a single tone is primarily associated with the pitch-accented 
syllable, and the other tone immediately precedes or follows it. For example, in the bitonal 
L+H* pitch accent, a low target precedes the H* accent on the stressed syllable. In the bitonal 
L*+H accent, there is a low (L*) target in the stressed syllable, which is immediately followed 
by rise (H) after the stressed syllable.

The object of the present study is the nuclear tune, which consists of the final or “nuclear” 
pitch accent in an intonational phrase, followed by two edge tones that function to mark the end 
of prosodic phrasal domains. The AM model of MAE recognizes two layers of prosodic phrase 
structure. The higher level is the intonational phrase, which comprises one or more lower-level 
“intermediate” phrases. As such, the end of every intonational phrase is also the end of the 
rightmost (and possibly the only) intermediate phrase it contains. The first edge tone in the 
nuclear tune is the “phrase accent”, labeled as H- or L-, which marks the right edge of the 



3

intermediate phrase and defines the pitch target for the interval between the nuclear pitch accent 
and the end of the phrase. This interval may comprise one or more syllables, depending on the 
location of the nuclear pitch accent relative to the end of the intermediate phrase. The second 
edge tone in the nuclear tune is the “boundary tone”, labeled H% or L%, marking the end of the 
intonational phrase and situated on the phrase-final syllable. A nuclear pitch accent is obligatory 
within each intermediate phrase, as are the phrase accent and boundary tone at the end of the 
intermediate and intonational phrases. Thus, this system generates a nuclear tune with these three 
components, e.g., H*L-L%, in every intonational phrase, as the minimal intonational melody of 
speech. An intonational phrase may include other features as well. For example, there may 
be additional “pre-nuclear” pitch accents marking phrasal prominence on words preceding the 
nuclear accented word, and an additional phrase accent for each intermediate phrase preceding 
the rightmost one in the intonational phrase.

The AM model of American English comprises an inventory of five pitch accents (setting aside 
the downstepped High tone: !H), two phrase accents, and two boundary tones, each of which 
may freely combine with one another to create an inventory of 20 nuclear tunes. These tunes 
are considered phonologically distinct on the basis of differences in their tonal specification. 
The model is thus very explicit about the phonological inventory of the language and possible 
tone sequences. However, there exists little empirical work testing the model’s inventory of 
tones and tone sequences. Accounts of phonological distinctiveness making reference to meaning 
distinctions exist for some but not all tunes in the model’s set (e.g., Pierrehumbert & Hirschberg 
1990). However recent work has shown a non-deterministic and many-to-many mapping 
between intonational categories and pragmatic and discourse functions (e.g., Chodroff & Cole 
2018; 2019; Im et al. 2023). One additional, and fundamental, challenge to the categorically 
distinct intonational atoms proposed in the AM model, is the large range of variation in their 
realization in F0. A common approach to studying this has been to examine the difference 
between just two tones or tunes, e.g., between H* and L+H*. Though the model claims these 
as two categorically distinct entities, expert annotators struggle to reliably differentiate them, 
and the acoustic parameters that distinguish them have been questioned (Ladd & Schepman 
2003; Dilley 2005; Calhoun 2012). An alternative proposal is that they represent variants of one 
single intonational category (Ladd 2022). Similar difficulties have emerged in the study of tonal 
alignment, where the model posits L+H* and L*+H as two categorically different entities, with 
an alternative proposal by Gussenhoven (1984) that this distinction represents variants along an 
alignment continuum.

Underpinning both of these controversial cases is what Ladd (2022) identifies as “gradience” 
(following Bolinger 1961). Unlike the categorical difference in lexical meaning conveyed by 
cues to segmental contrasts, in MAE the meaning distinctions conveyed by intonation can be 
seen in some if not all cases as falling along a gradient, scalar dimension, e.g., “emphasis”. 
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Even in the case where the pragmatic function conveyed by intonation seems categorical, Ladd 
notes that this “[…] does not entail that the corresponding intonational distinction involves 
categorically distinct phonological elements. Until we understand this better, our phonological 
analyses are likely to make spurious categorical distinctions” (p 252). In this view L+H* and H* 
could be described as belonging to a single phonological category: “high accent”. Variation in 
the timing and scaling of the rise in this accent may indeed signal various pragmatic nuances, a 
case of phonetically meaningful within-category variation. Our present study does not address 
intonational meaning, and so will not provide a full assessment of this alternative understanding of 
intonational categories and meaning. However, the notion that certain distinctions in intonational 
form may entail categorical differences, while others may entail (meaningful) gradient variation 
presents a view of intonational phonology that underpins much of the controversy surrounding 
the AM model for MAE.

A more general challenge is simply that there has not been, to our knowledge, a study 
that shows that each of the proposed categories is measurably distinct from other categories, in 
phonetic form. Many studies focus on just two pitch accents or just two tunes/tune shapes (e.g., 
rising, versus falling F0). Somewhat strikingly, several recent studies that have examined the 
intonational system more holistically (testing eight tunes, or twelve tunes), do not find compelling 
evidence that all of the proposed distinctions are robust and well-maintained by speakers and 
listeners (Steffman et al. 2022; 2024; Cole et al. 2023). Here we further this line of inquiry testing 
the predicted distinctions from the MAE AM model. In summary, our reading of the literature 
leads us to conclude that the inventory of tones and the tunes that they compose is not a settled 
issue, with some evidence against the full proposed inventory. With this we will now turn to the 
notion of enhancement and its possible use in examining the nature of intonational categories.

1.2 Phonological categories and enhancement
We use the term enhancement in this paper as follows: enhancement occurs when some “intrinsic” 
property of a phonological category becomes more prominent in the speech signal, or when the 
distinction between two categories becomes larger, this latter effect being contrast enhancement. 
Note that these two notions can be related, e.g., enhancement of intrinsic properties can entail 
contrast enhancement.

This topic has long been considered in the segmental literature. One line of research in 
this vein has been through the lens of enhancement theory (Stevens & Keyser 1989; Keyser & 
Stevens 2006), couched in distinctive feature theory, which describes enhancement as targeting 
the distinctive features that differentiate phonological categories. For example, in English /ʃ/ 
is generally produced with lip rounding, while /s/ is not. Because rounding is not otherwise 
contrastive in fricatives in English, the rounding distinction between these two fricatives makes 
sense when we consider that it enhances the [-anterior] feature of /ʃ/, which marks its contrast 
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with the [+anterior] /s/ (see Keyser & Stevens 2006 for various other examples). The core idea 
of enhancement theory is thus that the properties that make phonological categories distinct are 
targeted for enhancement, in this case by additional or “secondary” articulations that produce 
a feature-defining acoustic output. One other thread of research in the phonetics literature 
examines enhancement under prosodic prominence. The central finding in this literature is 
that in positions of prosodic prominence (e.g., the lexically stressed syllable of a word with 
phrasal stress, associated with a pitch accent), cues that differentiate phonological categories 
are enhanced. (Note that this type of enhancement could also be analyzed in terms of distinctive 
features.)

The phonetics literature has documented data commensurate with enhancement in speech 
acoustics in a variety of domains (e.g., Cho 2004; 2005; De Jong 2004; Cole et al. 2007; Beckman 
et al. 2011; Garellek 2014; Cho et al. 2017; Kim et al. 2018). For example, voice onset time (VOT) 
for word-initial voicing contrasts in American English becomes more distinct across voicing 
categories when prosodically prominent (Cole et al. 2007; Kim et al. 2018), and VOT differences 
for the voicing contrast in Central Standard Swedish become more pronounced at slower speaking 
rates (Beckman et al. 2011). Similar enhancement effects conditioned by prominence are seen in 
spectral measures of vowels, which in prominent positions are co-articulated less with adjacent 
vowels, reducing the variation in vowel formants from the coarticulation-inducing vowel. 
For instance, under prominence, the high front vowel /i/ is produced with a more peripheral 
articulation resulting in greater distance from nearby vowels in F1 × F2 formant space (Cho 
2005). As this example illustrates, enhancement under prosodic prominence serves to enhance 
phonological distinctions by targeting properties that differentiate phonological categories, such 
as the height and backness of a vowel, or by cueing features that are central to a category.

In the realm of intonation research, the idea that F0-based distinctions among intonational 
features can be modulated as a function of phonological context is not new. In comparison to 
work on segmental enhancement, much of this research frames the question around a loss or 
obfuscation of F0-based distinctions, particularly under time pressure, i.e., when the duration 
of segmental carriers is shorter, or there is less segmental material to carry a tune. We will 
refer to these as reducing contexts. Truncation is one process observed in reducing contexts, 
where the ending part of an F0 contour is “cut off” or truncated. Another reductive process 
is compression, where the F0 contour is compressed in time, retaining its shape characteristics 
without truncation of the ending portion. Truncation and compression effects are documented 
in the literature and have been shown to be language- and dialect-specific (Grabe 1998; Grabe 
et al. 2000; Yu & Zahner 2018; Sadeghi 2023). In some cases, these effects are described as 
neutralizing certain intonational distinctions (e.g., Grice 2017), which as shown by Rathcke 
(2013) for truncation, can lead to difficulty for listeners’ identification of intonationally distinct 
forms, even if neutralization is not complete. While work to date on intonational reduction is 
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limited in scope, there is much less attention paid to intonation production in enhancing contexts. 
Specifically, we are aware of no study that systematically compares F0 trajectories in enhancing 
contexts, i.e., those that afford more than the minimal phonological material needed to anchor 
each tone in each intonation feature, with a context that provides just sufficient phonological 
material.

1.3 Goal and premise of the present study
To summarize the discussion so far, we have observed that there is a lack of consensus in the 
literature about the nature and number of phonological distinctions in the intonational phonology 
of American English. We have observed that the phonetic implementation of intonational 
features varies as a function of phonological context, in particular, the syllabic and durational 
properties of the segmental string that anchors intonational features. This variation thus 
contributes to the challenge in identifying intonational categories in the language. Finally, we 
have reviewed the view of enhancement as targeting phonetic properties that are important for 
encoding phonological contrasts, noting that to date there is little work examining enhancement 
in intonation.

These observations set the stage for the present study. By examining intonation in enhancing 
contexts we may seek evidence about which F0 properties of an intonation feature or tune serve 
to define intonational contrasts. Further, by comparing F0 trajectories in reducing contexts with 
those in enhancing contexts, we may gain insight into whether and how intonational contrasts 
are neutralized.

Beyond the immediate implications for the MAE intonational model, this study has the 
potential to inform on intonational phonology more broadly. Unlike lexical-level contrasts, 
post-lexical intonational systems operate in a meaning/contrast space that is more difficult to 
define, and can be gradient in a way that lexical contrasts cannot, as described above. Thus one 
fruitful avenue for better understanding intonational phonology at large, in our view, is the 
study of enhancement of various intonational elements or tunes composed of them (cf. Arvaniti 
& Garding 2007). In other words, by examining which distinctions speakers chose to enhance, 
or don’t enhance, we may be able to glean insight into the nature of the intonational system 
under investigation. From this perspective, we aim to offer a methodological contribution to 
the study of intonational phonology, and potentially other systems (e.g., lexical tone), via the 
understanding of which elements are subject to enhancement.

We pursue the question of enhancement through the analysis of F0 trajectories of nuclear 
tunes in phonologically short contexts where truncation or compression of tunes may occur 
and in longer contexts where enhancement is possible. Ultimately, we are interested in how 
the distinctions among tunes are phonetically manifested in reducing and enhancing metrical 
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structures, as a probe for category status. Specifically, if differences in the F0 trajectories for 
a pair of tunes are enhanced in longer contexts relative to shorter ones, we consider this as 
evidence for a category-level distinction between the two tunes.

2 Methods
All data, scripts, and stimuli can be found online, hosted on a repository on the OSF at https://
osf.io/dbq4w/.

2.1 Experimental methods and tune selection
In the present study, we elicited tunes in a number of metrical contexts using imitative speech 
production. Imitation has been used frequently to study intonation (e.g., Pierrehumbert & Steele 
1989; Braun et al. 2006; Dilley & Heffner 2013; D’Imperio & German 2015; Zahner-Ritter et 
al. 2022; Cole et al. 2023; see Gussenhoven 2006 for discussion), and offers a tool to elicit the 
production of a tune with a relatively high degree of control and without reference to tune meaning 
or function. We use an experimental paradigm of “indirect” imitation of intonational melodies: 
listeners hear a model utterance that instantiates a tune over a trisyllabic word (described in 
detail below). They then transpose the tune onto a new word, which contains one, two, three or 
four syllables. The imitation is “indirect” in the sense that the words in the model utterance and 
produced utterance are different. The one and two syllable words represent a possible context 
for truncation or compression as the same tune is realized over fewer syllables. The four syllable 
words represent an opportunity for enhancement as more material may allow for distinctions 
between some tunes to be made larger and more apparent than they appear in the trisyllabic 
stimuli presented to participants. Here we note that enhancement for intonational contrasts can 
be seen as the other side of the coin of truncation and compression, that is, important cues 
becoming more salient, distinct, or recoverable, as a function of more material over which they 
may be realized. Enhancement and reduction are assessed in the imitated productions of tunes 
through a set of analyses, described below. We first apply a clustering analysis to the unlabeled 
imitations to determine the number and type of distinct F0 trajectories that emerge from speakers’ 
imitations of a set of phonologically distinct tunes, comparing the number of clusters that emerge 
in shorter vs. longer metrical conditions. We then proceed with a quantitative analysis of F0 
differences among the imitated tunes, looking for F0 differences that are enhanced in longer 
contexts, and/or reduced in shorter ones. These analyses are described further below.

We tested two sets of six tunes, over two experiments. Our choice of testing only six tunes 
within an experiment was largely a practical one: given the five metrical structure conditions we 
tested (described below), and the desire for a full within-subjects manipulation of each factor, we 
were limited in the number of trials a given participant could reasonably produce.

https://osf.io/dbq4w/
https://osf.io/dbq4w/
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There are eight nuclear tunes that can be created by combining monotonal H* and L* 
pitch accents with the two phrase accents and the two boundary tones. The first set of six 
in tunes in this paper were selected as a subset of these eight tunes, and will be referred to 
as the tunes in the monotonal accent experiment. Note that in what follows we suppress the 
edge tone diacritics of – and %, such that, for example, H*H–H% is written as H*HH. The 
six tunes we selected to test here were informed by previous work (Cole et al. 2023), which 
identified three pairs of tunes that were poorly distinguished in production (based on data from 
time-series clustering analysis and neural net classification) and in perception (based on AX 
perceptual discrimination data). The three pairs of “confusable” tunes were: {H*HH, H*HL}, 
{H*LH, H*LL}, and {L*HL, L*LH}, where brackets group tunes in a confusable pair together. 
Figure 1, which is described in more detail below, provides schematic representation of each 
of these tunes. Productions of both {H*HH, H*HL} exhibit a monotonically rising F0 and are 
expected to be differentiated in the ending F0, with a H boundary tone (the final tone in the 
sequence) leading to higher F0 at the end of the tune compared to a L boundary tone. These 
two tunes were shown to be perceived and produced as different from other tunes in Cole et 
al. (2023), however they were not well distinguished from one another. The case is the same 
for the pair {H*LH, H*LL}, which also differ in ending F0, and which both contain a H* pitch 
accent peak with a subsequent fall. Both tunes in the pair {L*HL, L*LH} have a low L* pitch 
accent realized in an F0 valley, and differ principally in the timing of the rise after the L*. For 
each of these three pairs, (Cole et al. 2023) found measurable acoustic differences, for example 
in the timing of the F0 valley for {L*HL, L*LH} or the ending F0 value for {H*HH, H*HL} and 
{H*LH, H*LL}. However, these differences were small and the tunes in each pair did not readily 
emerge as distinct in clustering or classification analyses. For this set of tunes, we ask if small 
differences of this sort are minimized or enhanced in relation to varying metrical structures. 
If, for example, differences in ending F0 in {H*HH, H*HL} and {H*LH, H*LL} are enhanced, 
this would suggest that a distinction in ending F0 constitutes an important component of the 
phonological distinction between the tunes in each pair, which, however, might have been 
diminished based on the materials used by Cole et al. (2023), where tunes were always realized 
over a tri-syllabic stress-initial word.

The second set of six tunes comes from another previous study which used the same intonation 
imitation paradigm, focused on two bitonal pitch accents in the AM model: L+H* and L*+H. 
This will be referred to as the bitonal accent experiment. These were paired with three edge 
tones: HH, LH and LL. The selection of these six tunes was also informed by another previous 
study, Steffman et al. (2024). That study found that, like the monotically rising F0 patterns in 
Cole et al. (2023), when these rising pitch accents are followed by a H phrase accent and H 
boundary tone {LH*HH, L*HHH}, the resulting tunes were grouped in the clustering analysis 
together with other tunes that have rising F0 movements, and were poorly differentiated from 
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one another. Tunes formed with the bitonal pitch accents followed by LH and LL edge tones result 
in a rising-falling F0 movement, and these four rising-falling tunes were not well distinguished in 
the clustering analysis presented in Steffman et al. (2024).

Both sets of tunes (with monotonal or bitonal pitch accents) thus test certain distinctions 
predicted by the AM model that we expect to be large and robust, based on prior work, and other 
distinctions which are small and less robust.

As noted above, the imitative paradigm involves an “indirect imitation” in which the 
participants produce a different sentence from those heard as stimuli. The two model stimulus 
sentences were also presented in different voices on each trial, one sentence in each of two 
model speaker voices. The model sentences we used were “He answered Jeremy” and “Her 
name is Marilyn”. Participants then received an orthographic prompt to produce a new sentence, 
which was one of the ten sentences shown in Table 1. These ten sentences represent 5 metrical 
conditions, which varied the metrical structure of the nuclear (final) word to contain one 
through four syllables, where each word has initial stress. A further distinction is made between 
conditions 4a and 4b: the nuclear words in the 4b conditions contain a secondary stress on third 
syllable, whereas those in 4a have no secondary stress.

Metrical condition Sentence Nuclear word metrical structure

1 He ran with Moe σ́

She lived with Neil σ́

2 Her roommate Nóra σ́σ

His neighbor Mánny σ́σ

3 She gathered lávender σ́σσ

They honored Mélanie σ́σσ

4a He went there críminally σ́σσσ

She travelled mínimally σ́σσσ

4b They saw the nóminàtor σ́σσ̀σ

He was a lúminàry σ́σσ̀σ

Table 1: The ten target sentences produced by speakers. There are two sentences in each 
metrical condition, and the same sentences are used in both experiments. The nuclear word is 
italicized, and the stress pattern and syllable count of the nuclear word is represented at right.

2.2 Stimuli
The same base files were used for generating stimuli in both experiments. There were four of 
these in total (two speakers producing the two sentences). These were recorded in a sound-
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attenuated booth with a Shure SM81 Condenser Handheld Microphone and Pop Filter, and 
with a sampling rate of 44.1 kHz. Each base recording was originally produced with relatively 
flat intonation. We then used PSOLA resynthesis in Praat (Moulines & Charpentier 1990; 
Boersma & Weenink 2020) to overlay new F0 contours on the base files. The F0 contours 
for resynthesis were based on the ToBI1 training materials (Veilleux et al. 2006) which are 
in turn based on schema from Pierrehumbert (1980). The stimuli in each experiment were 
designed independently of one another, and thus made use of slightly different target values 
and landmarks for temporal alignment. The target values and corresponding F0 values for each 
speaker are shown in Table 2.

Figure 1: Schematic representation of the stimuli for the monotonal pitch accent experiment 
(Panel A), and the bitonal pitch accent experiment (Panel B). The y axis shows target values, 
which can be mapped to actual F0 values for each speaker by looking at their correspondence 
in Table 2. The x axis represents the interval of the nuclear word, the two dashed lines indicate 
temporal landmarks used for stimulus creation, which correspond to the locations in the 
segmental string indicated in the axis label by dashes (these differ slightly across experiments). 
The lines are spaced to reflect the average syllable duration across the model stimuli. See text 
for details.

	 1	 ToBI is an acronym for the Tones and Break Indices system, an annotation standard for intonation in the AM frame-
work, and the tone features associated with each tune are referred to as its “ToBI label”.
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speaker 
measure

monotonal accents bitonal accents

male female male female

Hz ERB Hz ERB Hz ERB Hz ERB

target 1  80 2.79  100 3.37  80 2.79  100 3.37 

2  105 3.51  160 4.93  105 3.51  160 4.93 

3  130 4.18  200 5.41  130 4.18  200 5.84 

4  225 6.36  300 7.79  225 6.36  300 7.79 

5  265 7.15  380 9.09  240 6.67  350 8.62 

6  —  —  —  —  260 7.15  380 9.09 

Table 2: The values used for target heights in both experiments, numbered from 1–6 and 
shown in Hz and ERB. Note that the monotonal accent experiment used only five target heights.

The goal in creating the stimuli was to make a set of tunes that were perceptually different 
from one another and accurately reflected how tunes are schematized in Veilleux et al. (2006), 
while also being tightly controlled in terms of resynthesis. Three ToBI-trained experts (two of 
whom were the authors) judged the tunes to be distinct from one another within an experiment, 
and an appropriate realization of each of the model-defined tunes. All stimulus files can be found 
online on the open access repository.

To describe the model stimuli we will make use of two terms: temporal landmarks and 
targets. Temporal landmarks define when (in time) in the nuclear word F0 can change or reach 
a particular value. Interpolation between the landmarks is linear. Targets are F0 values, which 
we map to abstract numerical target height numbers to generalize across the two model speakers 
for the purpose of creating appropriately comparable F0 patterns that still fall within each 
speaker’s F0 range. In other words, target heights are relative F0 within a speaker’s F0 range. For 
example, for the male model speaker, target height 1 (the lowest) corresponds to 80 Hz. For the 
female speaker it corresponds to 100 Hz. This mapping was determined by the above-mentioned 
auditory assessment of the naturalness of the tunes by three ToBI-trained phoneticians (two of 
whom were the authors). Table 2 shows the correspondence between abstract target values and 
actual F0 values for both model speakers and in both experiments. Temporal landmarks for the 
placement of targets were defined on the basis of segmental landmarks as assessed auditorily 
and by examination of the spectral transitions between segments. The chosen landmarks were 
slightly different between experiments, which we describe in turn.

In the monotonal accents experiment, the first temporal landmark corresponded to the point 
in time at the end of the third segment in the nuclear word, which was the onset of the second 
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syllable. The second temporal landmark corresponded to the onset of the final syllable. Indicated 
with dashes for both nuclear words this is: /dʒɛɹ-ə-mi/ and /mɛɹ-ə-lɪn/. Figure 1 provides 
a schematic representation of the tunes, using target heights on the y axis, and an abstract 
representation of time on the x axis. The dashed vertical lines mark the times corresponding 
to the landmarks, and they are spaced to reflect the average syllable duration across the model 
stimuli. Panel A can therefore be read as follows, for the tune H*HH (for example), at the onset 
of the nuclear word F0 is at target height 3 (male speaker: 130 Hz, female speaker: 200 Hz). At 
the time in each of the four base files corresponding to the first temporal landmark (first dashed 
vertical line) F0 has interpolated linearly up to target height 4 (male speaker: 225 Hz, female 
speaker: 300 Hz).

The principle for stimulus creation is exactly the same in the bitonal accent experiment, for 
which the stimuli are shown schematically in Figure 1, Panel B. However here, it was determined 
that the tunes in that experiment sounded more natural with a different organisation of temporal 
landmarks. The first landmark was moved slightly earlier in time, now corresponding to the 
boundary between the first and second syllable: /dʒɛ-ɹə-mi/ and /mɛ-ɹə-lɪn/. In order to produce 
the correct trajectory for two tunes, L*HLH and L*HLL, one additional F0 turning point was 
needed (see Figure 1, Panel B). The temporal landmark for this turning point was set to be 
one third through the duration of the final syllable. Note that the bitonal accents experiment 
additionally makes use of one additional target height, and the mapping to F0 values is slightly 
different, as shown in Table 2.2

The set of six tunes in each experiment were developed independently from one another. It 
can be noted that the implementation of the L* target in the monotonal versus bitonal experiment 
differs. In the former, L*LH and L*HL show F0 falling through the first (stressed) syllable, while 
f0 is level and lower in the bitonal accent experiment. The falling F0 in the monotonal L* was 
judged to sound most natural, given the tune as a whole and preceding pre-amble. It should thus 
be kept in mind that the shape of the L* target of the monotonal L* and the bitonal LH*, L*H 
pitch accents are not directly comparable across experiments.

	 2	 The F0 on the preceding preamble in the monotonal accents experiment was the same across the six tunes selected 
as stimuli, as each nuclear tune started from the same value. The preamble started at the value of target level 3 plus 
20Hz, stayed at this value for the first third of the preamble, and then fell linearly to the value of target level 3 at 
the start of the nuclear word. In the bitonal accents experiment, it was deemed necessary to vary the preamble as a 
function of pitch accent, because the two pitch accents started at different target levels. For tunes containing L+H*, 
the starting point in the preamble was the same value as target level 3 plus 20Hz, with a linear fall directly to target 
level 2 at the start of the nuclear word. The starting point was the same for L*+H, but the fall was to target level 1 
at the start of the nuclear word.
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2.3 Participants and procedure
We recruited 32 participants for each experiment, all of whom were self-reported monolingual 
speakers of American English. No participant took part in both experiments. Participants were 
recruited from the undergraduate population of Northwestern University, and received course 
credit for their participation in the experiments. The studies were granted ethics approval by the 
university’s institutional review board. In the monotonal accent experiment, participants had 
a mean age of 19.8 (range: 18–21 years) and a gender breakdown of 16 women, 15 men, and 
one non-binary participant. In the bitonal accent experiment, participants had a mean age of 
19.6 (range: 18–22 years) and a gender breakdown of 15 women, 16 men, and one non-binary 
participant. Participants’ regional background ranged across the United states; including the 
west coast, south and east coast. Many of the participants were from the midwest: 15/32 in 
Experiment 1 and 11/32 in Experiment 2. We are not in a position to assess regional, dialectal, 
or sociolectal variation in this study, though this would certainly be a valuable extension, which 
we discuss in Section 4.2.

Participants provided informed consent to participate in the study and received course credit 
for their participation. Participants completed the study remotely, using their own computer for 
the display of the experiment and audio recording. Each experiment took approximately 20–25 
minutes to complete. The software used to present stimuli and record audio from the participants 
was a custom-built web-based application.

There were a total of 120 trials which crossed the six tunes in each experiment with the ten 
target sentences and the order of model speakers (male speaker first versus female speaker first) 
and model sentences (“He answered Jeremy” first versus “Her name is Marilyn” first). To limit 
the number of trials we did not fully cross the model speakers and model sentences with tune and 
metrical condition (which would have produced 240 trials). Instead, we paired each sentence 
order and each speaker order an equal number of times with each metrical condition (though 
not with each unique target sentence), also ensuring that each model speaker order and each 
sentence order appeared an equal number of times during the experiment. This results in the 
total breakdown of trials as: 6 tunes × 10 target sentences × 2 speaker/sentence levels.

2.4 Measurement and analyses
In this study we focus on only the nuclear tune, and we do not analyze the material that preceded 
the nuclear tune. We measured F0 using the STRAIGHT algorithm in Voice-Sauce (Kawahara et 
al. 2005; Shue et al. 2009), which we set to take measurements at every 10 ms. We then used 
the Montreal Forced Aligner (McAuliffe et al. 2017) to force-align text grids which segmented 
sound files by word and by phone. Forced-alignment was manually checked by trained auditors 
to ensure the start and end of the nuclear word was accurately aligned. Within the nuclear word, 
phone boundaries corresponding to syllable boundaries were also checked, and corrected to be 
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anchored to acoustic landmarks when needed. During the auditing process, files that contained 
unusable audio quality, hesitations and speech errors were excluded (approximately 2.7% in the 
monotonal accent experiment, 2.6% in the bitonal accent experiment).

Before analyzing the data, we eliminated unreliable F0 measurements from our analysis. 
This is an issue, particularly in our case, because F0 measurement can be disrupted phrase- and 
utterance-finally due to non-modal phonation or low amplitude voicing. Because we are analyzing 
F0 at the end of an utterance, we wanted to be sure our measures were reliable. We did this 
using a semi-automated method that involved two steps. First, using the algorithm described in 
Steffman & Cole (2022), we identified F0 trajectories that contained a sample-to-sample change 
which exceeded previously described thresholds of F0 changes produced by speakers, using the 
thresholds documented in Sundberg (1973). This method effectively identifies sudden jumps in 
F0 measurement which are likely to be inaccurate measurements. These flagged files were then 
inspected by a trained auditor who either confirmed or disconfirmed an F0 measurement error 
(see Steffman & Cole 2022 for details and examples). In total, this method led to the exclusion 
of approximately 11% of the remaining files in both experiments.3 In total, we analyzed 3,340 
productions from the monotonal accent experiment and 3,330 productions from the bitonal 
accent experiment.

We extracted various parameters from the measured F0 over the nuclear word, which are 
described below. All of the analyses were carried out using R (version 4.1.2) in the RStudio 
environment (R Core Team 2021; Posit team 2023).

2.4.1 The logic of the analyses
We pursued several analyses which were intended to complement eachother and address the 
question of enhancement. In this vein, it is important for us to operationalize enhancement, and 
define what would constitute evidence for it. In this section we thus motivate the analyses and 
explain how they test for enhancement.

As one of our principle goals was to determine the distinctions among tunes that are most 
readily produced by speakers, we carried out a clustering analysis on data that was not labeled 
by tune. This is a “bottom up” analysis in the sense that the clustering algorithm does not have 
access to the pre-conceived tune category labels. Our main interest in the cluster analysis was 
the number of clusters that best partitioned the data, and the mapping between model tunes 

	 3	 This method of F0 error tracking did not impact each tune equally. As might be expected, lower and falling boundary 
tones were excluded the most in both experiments LL-ending tunes were impacted the most (80% of files retained as 
compared to 94% for the most retained files in LH*HH in Experiment 2 (cf. 90% in H*HH in Experiment 1). We note 
that importantly, data retention does not correlate with clustering separability, as will be seen in the results. Though 
manual correction of F0 would be possible in principle, in almost all cases here the signal was distorted to the extent 
that it was not clear was actual F0 values were, making manual correction tenuous.
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used as stimuli (six in each experiment) to clusters. This effectively allows us to examine if 
distinctions among all six model tunes are robust (i.e. six clusters corresponding to the six tunes), 
and if distinctions are enhanced or lost across metrical conditions. This is the first way that 
we consider enhancement: the number of clusters in the optimal clustering solution increases 
correspondingly with increases in metrical material (from metrical condition 1 to 4b). If observed, 
this would constitute evidence that enhancement is present in the emergent distinctions speakers 
produce. In other words, speakers make more and/or better-separated distinctions in F0 when 
the phonological material carrying the tune is longer. Relating these patterns to the tune labels 
that correspond to the clusters will further allow us to see if, for example, two tunes that cluster 
together (suggesting a lack of distinctiveness), fall into separate clusters when there is more 
metrical material.

The second way we consider enhancement is in acoustic (F0) space. In other words, do 
tunes become measurably more different from one another in some parameter with increasing 
metrical material? We make use of three different F0 measures, which are described in Sections 
2.4.3 and 2.4.4. If a particular difference between tunes becomes larger with increasing metrical 
material, this constitutes evidence for enhancement. Here too we also make reference to the 
clustering analysis, in considering if enhancement is observed between MAE-labeled tunes that 
are separated in the clustering solution vs. those that are merged. The purpose of this evaluation 
is to ask if and how clustering predicts enhancement: if distinctions between tunes that cluster-
together are enhanced, this suggests the clustering analysis is missing subtler enhancement 
effects. If distinctions between tunes that cluster separately are enhanced, this suggests that the 
emergent cluster categories are targets for enhancement, i.e., that being partitioned into separate 
clusters predicts that two tunes will become more separated with increasing metrical material.

Given the multi-step analysis plan and rather large set of comparisons and results, we 
conclude each sub-section in Section 3 with a brief synopsis that describes how that section fits 
into the larger question of enhancement and the analysis as a whole.

2.4.2 Time series clustering analysis
We used the kml package (Genolini & Falissard 2011) to carry out k-means clustering analyses on 
F0 time series data, separately for the monotonal and bitonal datasets. We take two approaches 
to clustering the data in each experiment. In one, we compute speaker means by tune while 
averaging across metrical conditions (6 total trajectories per speaker, one for each tune). 
This clustering solution effectively captures the best overall partition of the data independent 
of metrically-induced variation. This approach further ensures that each speaker contributes 
equally to the data and also allows us to average over some trial-to-trial variation in the speakers’ 
productions. Secondly, we compute speaker means by tune within each metrical condition, 
comparing clustering solutions across metrical conditions (30 total trajectories per speaker: 6 
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tunes × 5 metrical conditions). This approach allows us to examine how emergent distinctions 
in the clustering solution may change, and in particular, if an expanded metrical structure leads 
to more, or better separated, distinctions. Both of these approaches are presented in the results.

We computed F0 using ERB, and further scaled the measures within each speaker (z-scored, 
with reference to each speaker’s mean F0 value). This scaling effectively normalizes for between-
speaker differences in overall F0 height and F0 range. F0 was measured at 30 time-normalized 
samples over the interval of each nuclear word. The optimal partition of the data into clusters 
was determined using the Caliński Harabasz criterion (Caliński & Harabasz 1974), which tests 
various numbers of cluster as potential solutions and identifies as optimal the number of clusters 
that minimizes within-cluster variance while maximizing between-cluster variance (computed 
using Euclidean distances between trajectories). We consider solutions with as few as two and as 
many as ten clusters.

2.4.3 Analysis of Root Mean Squared Distance (RMSD)
In order to examine enhancement in F0 space we computed Root Mean Squared Distance 
(RMSD). This metric, described below, is a holistic measure of F0 space/difference between two 
trajectories, which is global in the sense that it is not localized in time. For this reason, it is well 
suited to comparing tunes which are very different from one another (which will have larger 
RMSD), as well as those that are more similar (which will have small RMSD).

RMSD was computed over the time-normalized F0 trajectories comparing by-speaker and 
by-metrical structure means for each tune (in ERB). In other words, each speaker’s mean F0 
trajectory for a production of a given tune, in a given metrical condition was computed. This 
totalled 30 trajectories per speaker: six for each tune (separately for the monotonal and bitonal 
datasets), within each of the five metrical conditions. Then, within a given metrical condition 
(and separately for each of the two datasets), all tunes were paired with one another in all 
possible combinations, yielding 15 tune pairs (all possible order-insensitive pairings of the six 
tunes). The RMSD formula in (1) was then applied to each pair of tunes, where x is one tune, y is 
the other, and N = 30, for each of the 30 time points in the time-normalized trajectories.
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This metric effectively captures the overall distance or separation between a particular pair of 
tunes in F0 space for a given speaker, and because it was computed for each metrical condition, 
allows us to see if the separation between tunes, as measured with RMSD, increases with increases 
in the metrical material to carry the tune. This measure will also be considered with respect to 
variables derived from the clustering analysis, described in Section 3.2.
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To model these influences on RMSD we use Bayesian linear mixed effects models, implemented 
with the brms package in R Bürkner (2017).4 The dependent variable was RMSD in ERB. When 
including the metrical structure variable in these and subsequent models, we treated it as a 
monotonic effect (Bürkner & Charpentier 2020): an ordinal predictor which assumes changes 
across metrical conditions will be monotonic, while also allowing for (potentially) different 
effect sizes across levels of the metrical condition.

In these models, and others below, we report effects in several ways. We first give the median 
posterior estimate ˆ( )β  and the 95% credible intervals (CrI) for that estimate. These intervals 
indicate the range in which 95% of the estimates for an effect fall. When the interval excludes 
the value of zero, this is taken as credible evidence that the effect is non-zero, with a particular 
directionality (conversely, intervals including zero indicate substantial variation in the estimated 
directionality of an effect). We also report the “probability of direction” metric, which is 
computed from an effect’s distribution and gives the percentage of that distribution which shows 
a particular directionality. A pd of 97.5% corresponds to 95% CrI excluding zero, and pd can be 
interpreted more intuitively as strength of evidence for an effect, i.e. if pd = 95 we can be 95% 
sure that an effect exists with a particular directionality. In some cases we also report estimates 
and pd for marginal effects, which we compute using the package emmeans (Lenth 2021).

2.4.4 Other analyses: tune-based comparisons across metrical structures
We carried out several additional analyses to compare F0 trajectories between pairs of tunes 
that are similar to each other and which tend to cluster together in the cluster analyses. The 
motivation for these particular comparisons will be described in more detail below.

To assess the presence and enhancement of distinctions corresponding to boundary tones 
in the tune labels we took F0 at the end of the nuclear word, and tested, for a given pair of 
tunes, if there was a detectable difference and if this changed as a function of metrical structure. 
These models were each carried out with a pair of tunes (described in Section 3.3). Given that 
the variable had only two levels, we contrast-coded it (e.g., tune 1 mapped to –0.5, and tune 2 
mapped to 0.5). Each model predicted ending F0 as a function of tune pair, metrical structure, 
and their interaction. Random effects included by-speaker intercepts with random slopes for both 
fixed effects and their interaction. More specific predictions will be discussed in Section 3.3.

We also examined tonal timing to provide a window into another potentially important cue 
to distinctions in the nuclear tunes. In lieu of using more traditional measures of timing such 
as peak or valley alignment, we computed the temporal Tonal Center of Gravity (TCoG) over 

	 4	 For all mixed-effects models reported here, the model drew 4,000 samples in each of four Markov chains, with a 
burn-in period of 1,000 iterations (75% of samples retained for inference). The adapt delta parameter was set to be 
0.99 in all models. R̂, Bulk ESS, and Tail ESS values were examined to confirm convergence and adequate sampling.
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the nuclear tune. TCoG has been proposed as a holistic measure to model tonal timing for pitch 
accents (Barnes et al. 2012; 2021), and captures when in time the bulk or mass of a higher-F0 
region occurs. This is computed using the equation shown in (2), where F0i is F0 at time i, ti 
is that time in milliseconds, and N is the total number of samples in the window, which we 
measured in 10 ms intervals.

(2)	
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The intuition behind the above formula is that regions with higher F0 effectively pull TCoG 
towards them, and the formula integrates over a window such that rise and fall shape for a high 
F0 region contribute to the computation. The reader is referred to Barnes et al. (2012; 2021), for 
further discussion of TCoG. In a departure from previous work using TCoG, we apply the measure 
to the nuclear region as a whole for all metrical conditions, thus computing TCoG over up to 
four syllables. Whereas the measure has previously been applied to rising-falling F0 movements 
that constitute a “hump” in the F0 contour, we also compute TCoG for monotonically rising 
F0 movements. Just as with a rising-falling movement, rising F0 can be described in terms of 
TCoG. This approach is taken to model two pairs of tunes whose F0 trajectories have an overall 
rising shape: {H*HH, H*HL} from the monotonal experiment, and {L*HHH, LH*HH} from the 
bitonal accent experiment. We also use TCoG to describe the placement of the higher F0 region 
in trajectories of the tunes {L*HL, L*LH} from the monotonal accent experiment, which have 
an overall dipping and falling-rising shape. Finally, in a more traditional application of the 
measure, we compare the TCoG for two rising-falling tunes in the bitonal accent experiment: 
{L*HLL, LH*LL}. The choice of each of these tune pairs for comparison will be motivated in 
the results section. Note too that we do not apply this analysis to H*LH (from the monotonal 
accent experiment), L*HLH or LH*LH (from the bitonal accent experiment). Each of these tunes 
is predicted to have multiple F0 “humps”, which would make TCoG measures for them difficult 
to interpret.

To illustrate the general application of TCoG for this purpose, we plot each of the above-
referenced tune pairs in Figure 2, showing the grand mean F0 (scaled) for each tune averaged 
across metrical conditions and speakers’ productions in the experiments, and with a time-
normalized representation of mean TCoG for each tune (also averaged across metrical conditions). 
Note that, as shown in Panel A of Figure 2, the two rising tunes {H*HH, H*HL} differ in their 
mean TCoG with H*HH showing a more scooped rise, and higher-ending F0 that effectively 
pulls TCoG later. The same can be said for the two rising pairs in the bitonal accent experiment, 
with L*HHH showing a more scooped rise, and later TCoG. {L*HL, L*LH} show a similar TCoG 
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difference, wherein higher F0 at the end of the tune in L*LH pulls TCoG later. In the rising-falling 
pitch accent pair {L*HLL, LH*LL} in Panel B, the later rise of L*HLL pulls TCoG later.

Figure 2: Mean trajectories and temporal TCoG (dashed vertical line), represented in 
normalized time as a proportion of nuclear word duration, for two pairs of tunes in the 
monotonal accent experiment (Panel A), and the bitonal accent experiment (Panel B). See text 
for details.

In the actual TCoG measurements we report in the results, we computed TCoG in raw time, 
with time starting at zero at word onset. This TCoG measure was anchored with respect to the 
end of the first syllable in the nuclear word (meaning that we did not carryout this analysis 
for one syllable words). The anchoring procedure was as follows: for a given production, the 
time (in ms) that the second syllable in the nuclear word starts (a boundary that was manually 
checked during text grid auditing) was subtracted from the TCoG measure. This measure is then 
effectively one of TCoG alignment. The anchoring point is also phonologically meaningful in 
that it is located at the boundary of the syllable that is pitch-accented and the following syllable. 
More practically, this TCoG alignment measure will indicate to us whether the TCoG is within 
the first syllable (negative values) or after the first syllable (positive values). As noted, given 
this method of computing TCoG, we do not analyze TCoG for tunes in the 1 syllable metrical 
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condition, for which the distance from the end of the first and only syllable will always be 
negative. We also do not analyze TCoG in the 4b metrical condition, since we expected that 
secondary stress could potentially result in multiple F0 masses over the tune, which would make 
TCoG difficult to interpret.

The OSF repository for the paper contains an additional analysis using Generalized Additive 
Mixed Modeling (GAMMs) to model differences between certain tune pairs over time. We opted 
not to include this analysis here since it largely confirms our conclusions from the other analyses. 
The interested reader is referred to the document GAMM_supplement.pdf on the online 
repository which provides the methods and summarizes the results from the GAMM analysis 
(most easily read after reading this paper).

3 Results
In this first section of results we simply take a birds-eye view of the trajectories across tunes and 
metrical conditions, as well as considering how the duration of the nuclear interval varies across 
both of these factors. Figures 3 and 4 show all of the trajectories analyzed in each experiment. In 
Panel A in each figure, tunes are shown in columns and metrical conditions in rows. Within each 
panel, all of the trajectories are shown over time (in milliseconds) and represented as scaled ERB, 
normalizing for differences in speaker F0 levels and F0 range. The dashed vertical line represents 
the mean duration of trajectories in that cell. As can be seen looking across the rows, there is an 
overall increase in duration as the number of syllables increases across metrical conditions. Panel 
B in each Figure shows the duration of each tune in each metrical condition as a violin plot. For 
both the monotonal and bitonal pitch accent experiments we note the following: The general 
shape of trajectories for each tune does not change dramatically in longer words, though some 
smaller modulations occur; H*HH for example seems to have a steeper (more-scooped) initial 
rise overall in 1,2, and 3 syllable metrical conditions. Importantly, the clear (and expected) 
increase in duration suggests that there is at least a possibility for the enhancement of tunes 
across metrical structures of increasing length and complexity.

In a model of word duration predicting the (logged) duration of the nuclear word as a 
function of tune, metrical structure and their interaction (with by-speaker random intercepts 
and fully specified random slopes), we extracted marginal effect estimates using emmeans to 
compare across levels of the metrical structure variable. We found that there were indeed 
credible differences across all levels such that 1 < 2 < 3 < 4a < 4b (all pds = 100 for both 
the monotonal and bitonal experiments. In the monotonal experiments the following marginal 
means (back transformed from logged values) were 387, 468, 542, 576, and 663 ms across 
metrical conditions (1-4b). The bitonal accent experiment, with data shown in Figure 4, showed 
the following estimated marginal means: 424, 503, 572, 615, and 692 ms across metrical 
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conditions (1-4b).5 Overall, our first view of the data suggests that, unsurprisingly, words with 
more syllables are longer, with additional length in the four-syllables words with secondary 
stress, and also, qualitatively speaking, the overall shape of trajectories for a given tune does not 
change dramatically across metrical structures.

Figure 3: Panel A: Trajectories across tunes (columns) and metrical conditions (rows), in the 
monotonal pitch accent experiment. The duration of the nuclear word is plotted on the x axis, 
and the dashed vertical line shows the mean nuclear word duration for trajectories within each 
sub-panel. Panel B: violin plots showing nuclear word duration across metrical conditions (x 
axis) and tune (coloration), points show the mean.

	 5	 There were also some credible differences between tunes, though these were much smaller than the effects of 
metrical structure, the estimated marginal means for tunes (back-transformed to ms from logged values) were the 
following. In the monotonal experiment: H*HH = 515 ms, H*HL = 519, H*LH = 525, H*LL = 504, L*HL = 524, 
L*LH = 525. In the bitonal accent experiment: LH*HH = 552, LH*LH = 549, LH*LL = 545, L*HHH = 555, 
L*HLH = 560, L*HLL = 556.
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Figure 4: Panel A: Trajectories across tunes (columns) and metrical conditions (rows), in the 
bitonal pitch accent experiment. The duration of the nuclear word is plotted on the x axis, and 
the dashed vertical line shows the mean nuclear word duration for trajectories within each sub-
panel. Panel B: violin plots showing nuclear word duration across metrical conditions (x axis) 
and tune (coloration), points show the mean.

3.1 Clustering results
Given the possibility for metrical enhancement suggested by the duration results above, this 
section examines the emergent distinctions in the data using clustering analysis. Figure 5 shows 
the optimal clustering partition of the data in the monotonal accent experiment. This is shown in 
two ways: clustering over speaker-mean trajectories aggregated across metrical structures (Panel 
A), and clustering over speaker means within metrical structure (Panel B). Our key interest in 
analyzing the clustering results was to determine the optimal number of clusters returned by the 
algorithm and the mapping of tunes to clusters to assess which tunes reliably cluster together (or 
apart). As shown in Figure 5 Panel A, the aggregated means are optimally partitioned into three 
clusters, each of which is primarily composed of two tunes: L*HL and L*LH in cluster A, which 
shows a low-rising shape; H*LL and H*LH in cluster B, which shows a rising-falling shape; and 
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H*HL and H*HH in cluster C, which show high-rising shape. The fact that only three clusters 
are emergent with six tunes in the input suggests that distinctions between tunes grouped in the 
same cluster are small and inconsistent and support only a non-optimal partition of the data, i.e. 
poorly-separated and diffuse clusters. As shown in Panel 5B, cluster solutions for the 3, 4a and 4b 
metrical conditions show a highly comparable partition of the data: three clusters with the same 
merged tune pairs. Taking the 3-syllable metrical condition as a baseline (matching the metrical 
pattern of the stimulus), these results indicate an absence of enhancement in that the longer 
(4-syllable) metrical conditions result in no additional clusters beyond the three that emerge 
from the 3-syllable condition. Conversely, the 1 and 2 syllable metrical conditions suggest a 
loss of distinctions, showing only two clusters as optimal, with L*HL, L*LH, H*LH, and H*LL 
clustering together into a single “non-high-rising” cluster. Distinctions between any pair of tunes 
in this group have been reduced such that they are not large or systematic enough to lead to 
distinct cluster partitions.

Figure 5: Panel A: The optimal clustering solution for the monotonal accent experiment. The 
trajectory plot shows cluster means as points, and all contributing trajectories as lighter lines. 
The heat maps indicates the proportion of each tune (rows) that went into each cluster (columns). 
Panel B shows the same information, with clustering carried out within each metrical condition.
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Figure 6 shows the results of cluster analysis for data from the bitonal experiment in the 
same way. Here, unlike with the monotonal pitch accent experiment, the optimal clustering 
partition for the aggregated trajectories, and also for each metrical condition, is two clusters. 
These two clusters group together the two tunes with HH edge tones (LH*HH and L*HHH), into 
a single rising cluster, suggesting the two pitch accents are not well distinguished. The remaining 
four tunes (L*H and LH* concatenated with both the LL and LH edge tones) cluster together in 
a single rising-falling cluster. The similarity of the aggregated cluster analysis with each of the 
metrical conditions, and the lack of change across metrical conditions shows that this rising 
versus rising-falling distinction is quite robust. Conversely, differences among the four tunes 
grouped together in the same cluster are again insufficient to support additional clusters. With 
the 3-syllable metrical condition as a baseline, we again conclude that these small differences are 
not enhanced with an expanded metrical structure.

Figure 6: Panel A: The optimal clustering solution for the bitonal accent experiment. The 
trajectory plot shows cluster means as points, and all contributing trajectories as lighter lines. 
The heat maps indicates the proportion of each tune (rows) that went into each cluster (columns). 
Panel B shows the same information, with clustering carried out within each metrical condition.

Synthesising the two cluster analyses, we make the following observations. First, emergent 
clusters (in both the aggregate and metrical-condition-specific analyses) collapse some tunes: 
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many of the predicted tune distinctions are not emergent in a bottom-up partition of the data. 
Note that this does not necessarily mean that there are no differences between two tunes that 
cluster together, but rather that distinctions, if present, are small and noisy to the extent that 
they do not justify an additional partition of the data into distinct clusters in the optimization 
component of the clustering analysis. This is explored in subsequent analyses below. Evidence 
for enhancement across the metrical conditions is also limited. In the monotonal accents 
experiment, some evidence for a loss of distinctions from the baseline 3 syllable condition to 
the 1 and 2 syllable conditions is present. However, the lack addition of clusters in the 4a and 
4b conditions speaks against enhancement from the baseline. The highly-similar partitions 
of the data across metrical conditions in the bitonal accents experiment further comports 
with this.

3.2 RMSD analysis
The clustering analysis defines groups of tunes that are well distinguished from one another, and 
groups of tunes that are not. In this section we examine how this emergent, data-driven, partition 
may be related to enhancement, as outlined in Section 2.4.1. We use the term “between-cluster” 
for a pair of tunes whose imitations mostly fall into different clusters and “within-cluster” for 
a pair of tunes whose imitations mostly belong to the same cluster. Our interest in the RMSD 
analysis was to consider how the distance in F0 space between a pair of tunes varies as a function 
of metrical structure, and whether this relationship may be mediated by their status as between- 
or within-cluster. In other words, this analysis asks if the RMSD for all tune pairs is enhanced 
across metrical conditions, or alternatively, if distinctions between only certain tune pairs are 
enhanced. The fact that additional clusters did not emerge in the 4a and 4b metrical conditions, 
relative to the 3-syllable condition, already suggests that indeed, enhancement for within-cluster 
tunes is limited.

If enhancement effects are observed only for between-cluster tune pairs, this would 
constitute a scenario in which “the rich get richer”, that is, distinctions that are already robust 
(based on clustering) become larger across metrical conditions. To examine this, we structured 
our model to predict (scaled) RMSD as a function of tune pairs (recall that RMSD is computed 
on a by-tune-pair basis, with each speaker contributing 15 values per metrical condition, for 
15 pairs). Two additional predictors in the model are metrical structure and a factor that we 
call “cluster class”, which encodes whether a particular tune pair is between- or within-clusters. 
We also interacted these two fixed effects and structured the random effects in the model to 
include by-speaker random intercepts with both fixed effects and their interaction as random 
slopes. Given that there are only two levels, cluster class was contrast-coded with between-
cluster mapped to –0.5, and within-cluster mapped to 0.5. The main point of interest will be in 
examining if there is an effect of metrical structure, i.e., enhancement of differences between 
tunes across metrical structures, and secondly, if this enhancement effect operates differently 
based on cluster class.
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Cluster class was determined based on the aggregated clustering solution (with input 
trajectories averaged across metrical conditions; shown in Figure 5 and Figure 6 panel A). We 
took this clustering analysis to be most representative of the data as a whole. We additionally 
consider the overall propensity of a tune to go into a given cluster in making this distinction. The 
clustering partitions are clear-cut in this sense, especially in the aggregated solution: for each 
tune, over 80% of the imitations of the tune are put into a single cluster. For the monotonal accent 
experiment, we thus only have three within-cluster pairs: {L*LH, L*HL} in cluster A, {H*HH, 
H*HL} in cluster B and {H*LL, H*LH} in cluster C. The overall results for the monotonal pitch 
accent experiment are shown in Figure 7. Tune pairs are sorted from overall lowest to highest 
RMSD in Panel A, and it can be noted that the within-cluster pairs at left have the lowest RMSD 
values overall (this is expected given the way the clustering algorithm operates). Moreover, we 
can note qualitatively that many between-cluster tune pairs seem to evidence enhancement, that 
is, higher RMSD, across the ordered metrical structures.

Figure 7: Panel A for each tune pair (x axis) across metrical conditions in the monotonal accent 
experiment. Point coloration indicates metrical condition, and the shape of the point indicates 
cluster class, based on the cluster partition in Figure 5A. The y axis is in un-transformed RMSD 
(ERB) values. Error bars show 95% CI computed from the raw data. Panel B shows model 
estimates in scaled ERB (points with 95%CrI from the model) based on cluster class (facets) 
and metrical condition (x axis). Lighter solid lines show individual participant data.
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The modeling confirms this general observation, shown Figure 7 Panel B.6 Because the 
reference level in the model is by default the first level of the metrical condition, we computed 
marginal means to estimate the overall effect of cluster class, which was credible (β̂  = 0.78, 
95CrI = [0.61,0.95], pd = 100), showing that overall the between-cluster tune pairs have higher 
RMSD than within-cluster tune pairs. There was not a main effect of metrical structure (β̂  = 0.01, 
95CrI = [–0.03,0.05], pd = 65), however there was crucially an interaction between metrical 
condition and cluster class (β̂  = –0.04, 95CrI = [–0.07,–0.01], pd = 99). The interaction was 
examined further by inspecting differences across metrical conditions within each cluster class. 
For the within-cluster tune pairs, there was no credible difference between any level of metrical 
condition, though there was weaker evidence of RMSD differences showing 2 > 3 (β̂  = 0.03, 
95CrI = [–0.00,0.07], pd = 96) and 2 > 4a (β̂  = 0.05, 95CrI = [–0.00,0.10], pd = 97), 
though note that both of these weaker effects show the opposite directionality of enhancement 
(larger RMSD values in the 2-syllable metrical condition). In comparison, the between-cluster 
pairs showed a pattern that was consistent with enhancement, and several credible differences 
between adjacent pairs. The 1-syllable metrical condition was not credibly different than the 
2-syllable condition, however the 2-syllable condition showed credibly smaller RMSD than the 
3-syllable condition (β̂  = –0.03, 95CrI = [–0.07, –0.00], pd = 99), and 3-syllable showed 
credibly smaller RMSD than the 4-syllable condition 4a (β̂  = –0.02, 95CrI = [–0.05, –0.00], pd 
= 98). Metrical conditions 4a and 4b were not credibly different (β̂  = –0.03, 95CrI = [–0.13, 
0.08], pd = 72), though trended in the direction of enhancement. The interaction between 
cluster class and metrical structure thus reveals that, for between-cluster tune pairs only, RMSD 
increases in a way that is consistent with metrically conditioned enhancement. No such pattern 
is apparent for within-cluster pairs.

Figure 8 shows the data for the bitonal accents experiment. One important difference 
between the two experiments is that the number of within-cluster pairs in this experiment is 
greater (seven out of fifteen), though it can be noted that, as expected, all within-cluster pairs 
have smaller differences in RMSD than between-cluster pairs. The same qualitative pattern is 
apparent as well, overall larger differences are consistently observed for between-cluster pairs as 
a function of metrical structure, while this pattern is not readily apparent for within-cluster pairs.

The modeling results align with these observations and are similar to what was seen in 
the monotonal accents experiment. The marginal effect for cluster class showed a credible 
difference (β̂  = 0.98, 95CrI = [0.81,1.14], pd = 100), whereby between-cluster tunes 
have higher RMSD, as expected. Unlike in the monotonal accent model there was an overall 
main effect of metrical structure (β̂  = 0.05, 95CrI = [0.03,0.07], pd = 100), consistent 
with enhancement overall, though there was also critically an interaction with cluster class  

	 6	 Note that, while Figure 7 Panel B presents scaled estimates from a model run on scaled data for ease of visual inspec-
tion (normalizing over differences in speaker F0 range which lead to differences in RMSD), the model reported in the 
text was run on raw RMSD values, using a log-normal family to account for the all-positive and right tailed distribu-
tion of the RMSD data. Models run with non-logged values lead to very similar results. Both scaled and non-scaled 
models are also included on the OSF repository.
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(β̂  = –0.05, 95CrI = [–0.09,–0.01], pd = 99), which indicates less of an enhancement effect 
for the within-cluster class, given its negative sign and the way that the variables were coded. 
Inspecting pairwise effects of metrical structure within cluster class confirms this. Within-
cluster pairs show only one credible difference in adjacent metrical conditions, whereby 1 < 2 
(β̂  = –0.06, 95CrI = [–0.12,–0.00], pd =99), with each other pairwise difference showing a 
non-credible effect (all pds < 87). In comparison, there is clear evidence for an enhancement 
effect in the between-cluster condition, whereby 1 < 2 < 3 < 4a < 4b (all pds = 100), as 
can be seen in Panel B of Figure 8. This inspection of the by-cluster-class effects of metrical 
structure thus suggests that the main effect of metrical structure is driven by the between-
cluster pairs.

Figure 8: Panel A for each tune pair (x axis) across metrical conditions in the bitonal accent 
experiment. Point coloration indicates metrical condition, and the shape of the point indicates 
cluster class, based on the cluster partition in Figure 6A. The y axis is in un-transformed 
RMSD (ERB) values. Error bars show 95% CI computed from the raw data. Panel B shows 
model estimates in scaled ERB (facets) and metrical condition (x axis). Lighter solid lines show 
individual participant data.
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Synthesising the two RMSD analyses, we find converging evidence that metrical enhancement 
targets tunes that are already distinct from one another (as operationalized by cluster class here). 
In other words, the largest and most salient distinctions in the data are enhanced as as a function 
of metrical structure, while smaller within-cluster distinctions are not. This result, perhaps 
surprisingly, suggests that, at least in terms of RMSD, there is not enhancement between same-
clustering tunes. In the following section, we examine additional measures of F0 differences 
between tune pairs that clustered together, in order to confirm this conclusion and test for 
enhancement in a more local and targeted manner.

3.3 Ending F0 and TCoG
The preceding analyses have led to two somewhat striking results. First, not all tunes in the 
input emerge as distinct in the cluster analysis, and second, differences between tune pairs 
that cluster together (within-cluster) are not enhanced as a function of metrical structure. This 
begs the following question: are there any measurable differences between these within-cluster 
tunes? If yes, it should be confirmed that this difference truly is not enhanced as a function of 
metrical structure. Given the way the models presented in this section are structured, evidence 
for enhancement would be detected as the presence of an interaction between the tune variable 
and the metrical structure variable, showing that the difference between tunes becomes larger 
across the ordered metrical structures.

3.3.1 Ending F0
The first analysis in this section compares the ending F0 values of three pairs of tunes that group 
together in the cluster analysis in each experiment, in order to test for possible enhancement 
effects in this parameter. The three pairs compared for the monotonal accent experiment are 
{H*HH, H*HL}, {H*LH, H*LL}, and {L*HL, L*LH}, each of which has previously been shown 
to vary in ending F0 (e.g., Cole et al. 2023 and see Figure 2). As described in Section 2.4.4, 
we ran separate models for each tune pair. Figure 9A shows the values grouped by pair, with 
the metrical structure on the x axis. Note that, visually, enhancement would appear as a larger 
separation between the ending F0 values of a given pair of tunes, from left to right across the 
metrical conditions on the x-axis.

The model examining ending F0 in {H*HH, H*HL}, finds a credible difference between tunes, 
with the marginal effect showing that overall H*HH has higher ending F0 (β̂  = 0.49, 95CrI = 
[0.36,0.62], pd = 100), in line with Cole et al. (2023). There was no main effect of metrical 
structure (β̂  = 0.02, 95CrI = [–0.02,0.05], pd = 85), or interaction between metrical structure 
and tune (β̂  = –0.02, 95CrI = [–0.08,0.04], pd = 74). The estimated marginal effect of tune 
within each metrical condition confirms that there was a credible difference in each (all pds = 
100), consistent with the overall effect.
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Figure 9: Scaled ERB for pairs of tunes compared in the ending F0 analysis, for the monotonal 
accent experiment (Panel A), and the bitonal accent experiment (Panel B), across metrical condition 
(x axis). The tunes in each pair are labeled at the top of each Panel and indicated by line coloration 
with the legend at right. Points and thicker lines are the means by tune, with error bars showing 
95% CI computed from the empirical data. Lighter lines show individual participant means.

The models examining the two additional tune pairs find essentially the same result. The 
model for {H*LH, H*LL} finds that H*LH has higher ending F0 (marginal effect β̂  = 0.29, 95CrI 
= [0.16,0.42], pd = 99). There was no main effect of metrical structure (β̂  = –0.00, 95CrI = 
[–0.04,0.03], pd = 57), or interaction between metrical structure and tune (β̂  = 0.03, 95CrI = 
[–0.03,0.10], pd = 85). The estimated marginal effect of tune within each metrical condition 
confirms that there was a credible difference in each (all pds > 98). The model for {L*HL, L*LH} 
finds that L*LH has higher ending F0 (marginal effect β̂  = –0.40, 95CrI = [–0.55,–0.27], pd 
= 100). In a departure from the other two pairs, there was a credible main effect of metrical 
structure, a small positive effect (β̂  = 0.04, 95CrI = [0.01,0.07], pd = 99), indicating that 
ending F0 overall gets higher in both tunes across metrical structures. Importantly however, 
there was no interaction with metrical structure and tune (β̂  = 0.03, 95CrI = [–0.03,0.10], 
pd = 87). The estimated marginal effect of tune within each metrical condition confirms that 
there was a credible difference in each (all pds = 100). The analyses for the monotonal accent 
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experiment thus lead to two conclusions: For each within-cluster pair there is indeed a difference 
in ending F0. Secondly, this difference is not enhanced as a function of metrical structure, as 
shown by the lack of an interaction for each pair of tunes.

The data for the bitonal accent experiment, shown in Figure 9B, reveals an analogous 
pattern. For completeness we also consider the two tunes in the bitonal accent experiment that 
clustered together in the rising cluster B, and differed only in pitch accent: {L*HHH, LH*HH}. 
These two tunes had the same ending F0 value in the stimuli, and accordingly, we do not expect 
them to differ in ending F0. However, the marginal effect for tune in the model finds that there 
is indeed a small difference whereby L*HHH has higher ending F0 than LH*HH (β̂  = –0.16, 
95CrI = [–0.28,–0.06], pd = 100). However, there was no main effect of metrical structure  
(β̂  = 0.02, 95CrI = [–0.02,0.05], pd = 83), nor an interaction with tune (β̂  = 0.03, 95CrI = 
[–0.03,0.09], pd = 80). The estimated marginal effect of tune within each metrical condition 
confirms that there was a credible difference in each except for the 1 syllable metrical condition 
(all other pds > 98).

The other tune comparisons are motivated by the difference between LH and LL edge tones, 
compared for each pitch accent in the bitonal accents experiment. The model examining ending 
F0 in {L*HLH, L*HLL} finds that L*HLH has higher F0 (marginal effect β̂  = 0.49, 95CrI = 
[0.38,0.62], pd = 100). The model also showed a main effect of metrical structure: a small 
negative effect which suggests that ending F0 (for both tunes) is lower as a function of increasing 
metrical structure (β̂  = –0.05, 95CrI = [–0.08,–0.03], pd = 100). However there was no 
interaction between metrical structure and tune (β̂  = –0.03, 95CrI = [–0.07, 0.01], pd = 92). 
The estimated marginal effect of tune within each metrical condition confirms that there was a 
credible difference in each (all pds = 100). Finally, the model examining ending F0 in {LH*LH, 
LH*LL} finds that LH*LH has higher ending F0 (marginal effect β̂  = 0.40, 95CrI = [0.27,0.51], 
pd = 100). There was some weaker evidence for a main effect of metrical structure, which 
showed a small negative effect (β̂  = –0.03, 95CrI = [–0.05,0.00], pd = 97). As with all previous 
models however, there was no interaction between tune and metrical structure (β̂  = 0.01, 95CrI 
= [–0.04,0.06], pd = 69). The estimated marginal effect of tune within each metrical condition 
confirms that there was a credible difference in each (all pds = 100).

The ending F0 analyses from both experiments thus allow us to conclude that tunes that 
group in the same cluster (the within-cluster tunes) do indeed show measurable differences in 
ending F0, but crucially, this difference is not enhanced as a function of metrical structure for 
any tune pair.

3.3.2 TCoG
The TCoG analysis examined tune pairs of interest, again informed by the clustering results. 
As with the preceding ending F0 results, we were interested to test for possible enhancement 
effects for within-cluster tune pairs with the goal of confirming a true lack of these effects 
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as suggested by the RMSD and ending F0 analyses. Recall that we limited our comparisons 
in two ways: first, we did not consider the 1 or 4b metrical condition as discussed in Section 
2.4.4. We also did not consider tunes that are predicted to have more than one F0 mass, 
namely H*LH in the monotonal accent experiment and LH*LH and L*HLH in the bitonal 
accent experiment.

For the monotonal accent experiment, we were interested in the difference between two 
within-cluster pairs of tunes. {H*HH, H*HL} was the first pair, which has previously been shown 
to differ the shape of the rise to the F0 maximum, with H*HH showing a scooped rise (= later 
TCoG) and H*HL showing a more domed rise (Cole et al. 2023). As shown in the left portion of 
Figure 10, Panel A, this was reflected in a later TCoG for H*HH as compared to H*HL (marginal 
effect β̂  = 21, 95CrI = [12,28], pd = 100). Marginal estimates for tune within each metrical 
condition were also credible (pds = 100), and there was a main effect of metrical structure 
showing later TCoG across the ordered metrical structure conditions (β̂  = 61, 95CrI = [55,67], 
pd = 100). There was no interaction between tune and metrical structure (β̂  = 1, 95CrI = 
[–9,10], pd = 55), showing a lack of enhancement of TCoG differences, which can be seen 
visually in that tunes are not more differentiated as metrical structure increases. The second pair 
of tunes that we compared from the monotonal accent experiment was {L*HL, L*LH}, which 
our previous work shows as differing in the alignment of the F0 valley of the tune (Cole et al. 
2023), leading us to predict that TCoG should be later for the later-aligned valley of L*LH. This 
prediction was confirmed, as shown in the right portion of Figure 10A, where L*LH has later 
TCoG as compared to L*HL (marginal effect β̂  = –24, 95CrI = [–36,–11], pd = 100). Marginal 
estimates for tune within each metrical condition were also each credible (pds = 100), and 
there was a main effect of metrical structure, showing that increasing metrical structure leads to 
later TCoG (β̂  = 70, 95CrI = [62,79], pd = 100). There was no interaction between tune and 
metrical structure (β̂  = 2, 95CrI = [–11,14], pd = 62), again showing a lack of enhancement 
of TCoG differences.

The results for the two pairs of tunes from the bitonal accent experiment reveal the same 
pattern, shown in Panel B of Figure 10. We first compared TCoG as a temporal property 
distinguishing pitch accent alignment in {LH*LL, L*HLL}. As would be predicted, L*H showed 
a later alignment than LH* (marginal effect β̂  = 27, 95CrI = [18,34], pd = 100). Marginal 
estimates for tune within each metrical condition were also each credible (pds = 100). The same 
pattern of later TCoG across the ordered metrical structure conditions was also apparent (β̂  = 
52, 95CrI = [47,57], pd = 100), again with no interaction between tune and metrical structure, 
therefore showing a lack of enhancement (β̂  = –2, 95CrI = [–10,7], pd = 66). The case was the 
same for the two pitch accents in the context of a HH edge tone sequence: {LH*HH, L*HHH}. 
L*H showed a later TCoG overall (marginal effect β̂  = 21, 95CrI = [13,30], pd = 100), and 
within each metrical condition (pds = 100). Increasing metrical structure once again led to later 
TCoG (β̂  = 70, 95CrI = [64,76], pd = 100), with no interaction between tune and metrical 
structure (β̂  = –2, 95CrI = [–10,6], pd = 66).
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Figure 10: Temporal TCoG for two pairs of tunes in the monotonal accent experiment (Panel 
A), and the bitonal accent experiment (Panel B). TCoG is shown on the x axis with the relevant 
tune pair levels at left. The metrical condition is above each Panel (conditions 2-4a only, see 
text). The dashed vertical line indicates the boundary between the first and second syllable. 
The solid points are means and 95% CI computed from the data, the lighter points and 
connecting lines are individual participant means.

The TCoG analyses thus show clear distinctions in tonal timing for certain tune pairs that 
cluster together, but these distinctions are small, and are not enhanced as a function of metrical 
structure. In the monotonal accent experiment, the observed differences corresponded to the 
overall disposition of a higher F0 mass in a tune that rises throughout or at the end of the 
trajectory, where H*HH showed later TCoG than H*HL, and L*LH showed later TCoG than 
L*HL. However, these differences in TCoG critically did not get larger across the ordered 
metrical structures. The same pattern appears for the pitch-accent based distinctions in tonal 
timing in the bitonal accent experiment, where L*H has later TCoG than LH* in both HH and 
LL edge tone contexts. However, this difference also does not get larger across the ordered 
metrical structure.

Synthesising the two analyses in this section, the findings for TCoG are similar to those for 
ending F0 in that there are measurable differences between pairs of tunes that tend to cluster 
together. However, speakers do not enhance these differences as a function of metrical structure. 
Therefore, a lack of enhancement in same-clustering tunes, as found in the RMSD analysis, is 
confirmed, as is the presence of smaller and non-enhanced differences for the tune pairs examined.
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4 Conclusions
The present study examined how intonational tunes differed from one another across five 
different metrical conditions which varied in terms of syllable count, using an imitative speech 
production paradigm. Our basic question was the following: do we find enhancement among the 
tunes, each of which are proposed categories in the AM model of Mainstream American English? 
We began with a clustering analysis that revealed, for each experiment, that the six tunes 
were not well differentiated from each other. Additionally, the clustering partition predicted 
whether or not tunes became more different from one another as a function of metrical structure. 
Intriguingly, tunes that clustered together did not, overall, become more separated in F0 space 
across metrical conditions. Follow-up analyses of ending F0 and TCoG confirmed this, showing 
that there were indeed small but detectable differences between tunes that were grouped in the 
same cluster, though those differences did not change across metrical conditions. In this sense, 
we have evidence that our metrical structure manipulation did successfully induce enhancement, 
but only for some tunes. Here we consider what these results imply both methodologically and 
go on to discuss theoretical implications in Section 4.1.

First, we consider a methodological perspective. What does the participants’ performance 
on this imitative task tell us about the representations being accessed therein? The data overall 
showed fairly consistent productions for each tune across the five metrical conditions tested. 
This was clearest in the bitonal accents experiment in which the optimal number of clusters 
(two) did not change across metrical conditions, and the partition of tunes into clusters remained 
essentially the same. For the monotonal accent experiment, the change in the optimal number 
of clusters from two to three across metrical conditions suggests some loss of distinctiveness 
between {H*HH, H*HL} and {L*HL, L*LH}, however, this loss is clearly not to the extent that the 
intonational distinctions fully disappear as is evident from Figure 3, wherein the overall shape 
of each tune does not change dramatically across metrical conditions. We conclude that, overall, 
speakers were successful at transposing the tune from the model to metrically different target 
productions, a conclusion that is reinforced by ending F0 and TCoG analyses, which each show 
comparable differences in these parameters for the relevant tune pairs across metrical conditions. 
The ending F0 analysis in particular suggests that tunes do not undergo truncation in these data. 
Had there been truncation, we would expect that low-ending or falling tunes would end in a 
lower F0 when produced over more syllables, and likewise, high-ending or rising tunes would 
end in a higher F0. We do see evidence for this pattern with {L*HL, L*LH}, for example, where a 
main effect of metrical structure was consistent with this pattern. However, the effect was quite 
small, and its absence for other tune pairs suggests it is not systematic.

The general success of the imitation paradigm in eliciting transposed tunes leaves open various 
future questions about its application to the study of intonational representation. The relative 
success of transferring these nuclear contours may offer a comparison case for future studies which 
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may make use of imitation to examine how intonation is represented by listeners and speakers. 
For example, pre-nuclear intonational melodies have been suggested to be “ornamental” and less 
important in conveying intonational meaning (cf., Baumann et al. 2017; Chodroff & Cole 2018). 
Testing if and how pre-nuclear tunes are produced across metrical structures may offer a lens 
into what sorts of intonational properties are salient, and are reproduced faithfully in various 
metrical contexts. Zahner-Ritter et al. (2022) is a recent study that, in a similar vein, has tested 
distinctions among intonational categories in German in a production study where melodies 
were direct imitations of heard stimuli (with a 2 second lag and 500 ms sine tone). Imitation 
across various metrical structures and examining methodological permutations of this sort seems 
like a promising program of research to investigate intonational tunes and the phonological 
underpinnings of the system.

4.1 Two kinds of intonational distinctions
Fundamentally, the present results point to two types of distinctions in the intonational tunes 
produced by the speakers in our experiments. The first type of distinction is large and salient, is 
emergent in clustering, and is enhanced as a function of metrical structure. The second type is 
smaller, not emergent in clustering, and not enhanced as a function of metrical structure. Both 
of these types of distinctions are encoded with phonological tone labels in the ToBI annotation 
scheme, which formed the basis of our stimuli.

The way ToBI labels relate to the present distinctions is not entirely straightforward. In the 
monotonal accents experiment, we find that the small and non-enhanced distinctions for some 
tune pairs correspond to differences in boundary tone labels: {H*HH, H*HL}, and {H*LH, H*LL}. 
For the tune pair {L*HL, L*LH} the distinction is labeled as both a phrase accent and boundary 
tone. The pattern in the bitonal accent experiment is different, whereby the large and enhanced 
distinctions are based on edge tones, and more specifically the phrase accent label. Tunes that 
combined a bitonal pitch accent with HH edge tones were distinct from tunes with the same pitch 
accent and LH or LL edge tones, though the tunes ending in LH and LL clustered together. Across 
experiments then, there is not a clear unifying tone label that predicts whether a particular pair 
of tunes will be robustly distinguished, or not. It is important to note here that the clustering 
partition of tunes for each experiment is dependent on the set of tunes that was tested in that 
experiment, and future work should consider different sets of tunes in different combinations. 
Nevertheless, it seems reasonable to assume that if, hypothetically, pitch accent distinctions 
were always the distinctions which were emergent and enhanced, this would be the case across 
experiments. This is clearly not the case, and instead, a better understanding of what properties 
are shared by emergent and enhanced distinctions comes from considering the contours more 
holistically. In the monotonal accent experiment, the distinctions among high-rising, rising-
falling, and low-to-mid rising shapes are enhanced. In the bitonal accent experiment, the 
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distinction between rising-falling and rising is enhanced. This distinction between monotonically 
rising contours and contours with other shapes was emergent in our clustering analyses and 
also in previous work, suggesting that it constitutes a fundamental dimension in intonational 
melodies, shown to be emergent in iterative imitations in Braun et al. (2006), and clustering 
analyses in Cole et al. (2023) and Steffman et al. (2022). Distinctions between high-rising tunes 
and tunes with other shapes, already quite a large difference in F0 space, becomes more distinct 
in longer words, whereas tunes that are more similar to one another, e.g., those that are grouped 
together in clustering analyses do not, as shown by the RSMD, TCoG and ending-F0 results.

What does this difference in tune distinctions imply for a theory of intonational phonology, 
e.g., concerning the category status of pitch accents, as outlined in the Introduction? One 
answer to the question would be to take enhancement as a direct diagnostic for categoricity: 
that is, enhanced distinctions are category-level distinctions, while non-enhanced distinctions 
are not. From this view, following Cole et al. (2023), the tune shapes that emerge from the 
clustering analyses could be described as category-level distinctions, which further evidence 
category-like behavior in being subject to enhancement across metrical structures. Perhaps most 
interestingly, the second type of distinction, which does not emerge from clustering analyses 
and is not enhanced, would by this metric not be a category-level distinction. How then, should 
such “secondary” distinctions be considered? We suggest that these distinctions may best be 
understood as potentially meaningful, within-category, continuous variation. In other words, 
they constitute variation in a parameter that is heard and reproduced by speakers, and which 
may convey intonational meaning, but which falls along a scalar or phonetic dimension, and 
does not mark a categorical distinction in the intonational system (and hence, is not enhanced).

Considered in this way, the bitonal accent experiment indicates that the distinction between 
L+H* and L*+H pitch accents represents within-category variation, which accords with 
Gussenhoven (1984), who suggested that this difference should be considered as a continuous 
alignment parameter, not a categorical distinction. In discussing the possibility that alignment 
distinctions are continuous and not categorical, Pierrehumbert & Steele (1989) state that that 
hypothesis is difficult to assess if continuous alignment distinctions show preferred, or typical, 
values. Enhancement seems to offer a useful diagnostic, and by that metric, the model of 
alignment distinctions between L+H* and L*+H as continuous, not categorical, is supported. 
The enhancement results for the bitonal accents presented here also agree with the suggestion 
in Ladd (2022), that there may just be one phonological high accent in the system. As shown in 
the TCoG analysis, there were measurable differences between the two pitch accents related to 
F0 peak alignment, however, these differences did not grow across expanded metrical structures, 
and were not sufficient to group productions of the two pitch accents in the same emergent 
cluster. In addition to peak alignment, a second fundamental type of distinction that was not 
enhanced across both experiments relates to the ending F0 value for tunes that differed primarily 
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in this parameter (a difference manifest on the final syllable of the trisyllabic word of the model 
tune, though this distinction does not map onto any one specification of phrase accent and/
or boundary tone, as noted above). The distinction in ending F0 between similar tune pairs is 
clearly not enhanced, as shown by the ending F0 analysis, and, on analogy with the pitch accent 
distinction, may best be viewed as variation along an F0 scaling continuum. We reiterate here 
again, that future examination of both of these types of distinctions should consider intonational 
meaning, and their role in the interpretation of intonational contours.

4.2 Some limitations and future directions
Several key features of the design of this experiment should be kept in mind, both as limitations 
for the present study, and in possible future directions they raise for research along these lines.

Firstly, we focused here only on the possible enhancement of F0 parameters. While F0 has 
certainly been a central object of study in the intonation literature for many years, and the only 
acoustic parameter explicitly defined by the AM model, we do not wish to imply that it is the 
only possible correlate of these tunes. Secondary, and less-described, cues to tune distinctions 
(e.g., intensity and voice quality) may also certainly be enhanced. An analogy in the segmental 
domain would be the enhancement of vowel duration as a cue to voicing distinctions and vowel 
category in under prosodic prominence in American English (De Jong 2004). This represents an 
important avenue for extending the present results, though further fundamental research into 
non-F0 correlates of these tunes strikes us as a needed preliminary in this vein. As it pertains to 
duration, we can note however, that durational distinctions between tunes were not large, nor 
did they become larger with increased metrical structure, as shown in Figures 3 and 4.

Secondly, we examined enhancement in just one light: as a function of changing syllable 
count and metrical structure. This is just one possible way of testing enhancement, and future 
work should examine how these tunes, and others, are produced in different contexts which may 
be enhancing. The production of tunes in different emotional contexts, or in hyperarticulated 
speech (cf. Arvaniti & Garding 2007, and Schertz 2013 for vowel contrasts) strikes us as a 
promising test case. Observing if the same distinctions we examine here are enhanced under these, 
very different, contextual manipulations, would provide deeper insight into how enhancement 
operates. In this vein, because the stimuli in these experiments were presented in the absence 
of any discourse context, this is fundamentally a study of intonation form, as perceived and 
produced by speakers. To gain a fuller understanding, the pragmatic and discourse functions of 
each of these tunes must be considered. In addition to metrical enhancement of the sort studied 
here, it may be possible that discourse contexts that are appropriate for a given tune could also 
serve an enhancing role, making tunes more distinct from one another. We suggest that this will 
be an important next step in furthering the present results.
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Another consideration which we believe is a promising extension of these findings is to 
consider dialectal variation. As we tested only the categories proposed for “mainstream” 
American English and we recruited speakers from multiple regions in the US, we are not in a 
position to make claims about the dialect-specificity of these results. The realization of intonation 
elements (especially pitch accents) has been shown to differ across regional dialects and varieties 
of American English (Arvaniti & Garding 2007; Burdin et al. 2022). Examining how the effects 
shown here play out across varieties is thus another important extension of the present results. 
The pattern of results we show here, whereby only emergent and large distinctions are enhanced, 
strikes us as an intriguing test for intonation systems across dialects: are the same distinctions 
emergent? Are these and only these distinctions enhanced? Pursuing this link between emergent 
distinctions and their enhancement across dialects will allow for a more holistic picture of 
intonational categories. This approach, however, would necessitate a consensus understanding 
of the intonational elements and proposed categories in particular variety, which may or may not 
be commensurate with MAE labels (cf. Burdin et al. 2022). In this same vein, considering how 
individual speakers partition, and enhance, distinctions within the space of tunes may further be 
insightful for the study of variation in and individual differences in intonation (cf. Niebuhr et al. 
2011; Cole & Steffman 2021).

4.3 Conclusions
In summary, the present results, in line with other recent work (Steffman et al. 2022; 2024; Cole 
et al. 2023), show that not all of the predicted tune contrasts from the AM model are emergent 
in imitated productions, based on clustering analyses. From two experiments which together 
tested distinctions among 12 tunes, our results suggest three emergent tunes, described in terms 
of their shape as high-rising, rising-falling, low-rising, with additional fine-grained distinctions 
in rise shape (measured here by TCoG) and ending F0 within these emergent tunes. The most 
central finding, present in both experiments, is that only those distinctions that emerge from 
clustering analyses are enhanced. Other tune distinctions predicted by the AM model fail to 
emerge in clustering analyses of the data, and are instead reflected in F0 distinctions of small 
magnitude, which do not vary as a function of metrical structure. This distinction between 
emergent and non-emergent tunes was interpreted as a fundamental dissociation: if enhancement 
targets phonological categories, smaller F0 differences between imitated productions may 
best be understood as encoding (potentially meaningful) within-category phonetic variation. 
Considering the intonational distinctions in American English along these lines leads to a possible 
reconciliation among divergent claims about the nature and number of intonational distinctions 
in the language (e.g., Gussenhoven 1984; Calhoun 2012; Ladd 2022; Steffman et al. 2024). 
Future work testing this hypothesis will build our understanding of intonational phonology and 
how intonation is perceived and produced by language users.
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At a more general level, we have shown that testing enhancement in the manner we did 
can offer insights into the study of intonational phonology and the categories in a system. We 
believe fruitful extensions of this general approach could take the same line of inquiry to other 
intonational systems, or more targeted examinations of intonational elements (e.g., pitch accents, 
or boundary tones only). Beyond intonational phonology, the F0 analysis protocols here may 
be considered a way to study lexical tone contrasts, and the possible enhancement of lexical 
tone distinctions across various contexts. Most broadly we believe that testing enhancement, in 
combination with the examination of emergent or “bottom-up” distinctions, is a powerful tool 
that has the potential to provide deep insights into phonological systems. This may be especially 
true in cases where analyses diverge, where the nature of the system is not well understood, and 
for the development of phonological analyses and descriptions of un(der)-described languages.
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