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Abstract
This study models F0 data for documentation purposes. Us-

ing K-means clustering and Generative Additive Mixed Mod-
els, it documents differences in F0 contours between two Mexi-
can Spanish ethnolects: Afro-Mexican Spanish and Altiplateau
Mexican Spanish.

Both dialects distinguish focus condition through contour
shape and pitch range: rising contours and high frequency
ranges are associated with in-focus conditions, and lower fre-
quency plateaus with post-focus. AMS however shows delayed
peak alignment in open syllables and overall higher pitch con-
tours for those with post-vocalic /s/.

We posit that these fine-grained differences in segmental
alignment and pitch range would not be captured through tradi-
tional methods, e.g., Sp ToBI. With this study’s focus on pho-
netic detail, the ToBI model risks both the absence of phonetic
variation and the assumption of underlying phonological struc-
ture. We therefore argue that this variation is best captured
through clustering and GAMMs.
Index Terms: prosody, language documentation, methods,
clustering

1. Introduction
This study documents the effects of focus and the segmen-
tal string on F0 contours in two Mexican Spanish ethnolects:
Afro-Mexican Spanish (AFS) and Altiplateau Mexican Span-
ish (AMS). It considers the role of data-driven approaches (K-
means clustering & GAMMs) to capturing emergent variation,
and the role of this in future, phonetically-driven, documenta-
tion projects. Background on a pilot study employing Sp ToBI
to AFS is provided in §2, with the methods and parameters for
analysis outlined in §3. We first analyse the clustering output
for the entire dataset in §4.1, prior to variety-specific GAMMs
in §4.2. We analyse the interaction between focus, post-vocalic
sounds, and their syllabic affiliation in each variety. §5 dis-
cusses the appropriateness of the methods in capturing emergent
variation, and the implications of this for wider documentation
purposes.

2. Background
2.1. Afro-Mexican Spanish

Afro-Mexican Spanish (AFS) is an under-explored variety of
Spanish spoken by isolated communities of Afro-indigenous
heritage on the Costa Chica, southwestern Mexico. Documenta-
tion of the variety is scarce (see [1] for overview), with prosodic
analysis limited to [2, 3]. ToBI analysis of spontaneous speech
data revealed an interaction between peak alignment and the
segmental string in broad focus declaratives: peaks align on

following nasals regarding of intervening syllable boundaries.
Thus in /VN.C/ contexts, e.g., descendiente (/de.sen.‘djen.te/,
‘descendent’), peaks align tonically (L+H* in Sp ToBI), and
in /V.NV/, e.g., mexicano (/me.xi.‘ka.no/, ‘mexican’), post-
tonically (L+>H*) [2, 3]. Such patterns were interpreted as
nasals acting as segmental anchors, which is unexpected given
the consistency of peak alignment in non-Afro Spanishes as an
effect of focus, not segments [4, 5, 6, 7, 8]. Theoretically, the
findings raised questions surrounding the suitability of the Seg-
mental Anchoring Hypothesis [9, 3, 10].

Although theoretically novel, these studies are not without
their methodological shortcomings. Firstly, data analysed was
spontaneous speech data, meaning neither focus condition nor
consonant type were controlled for. Similarly, data is from one
speaker. As such, it is difficult to know whether patterns are
ethnolectal or idiosyncractic, or instead common across under-
explored, local Mexican varieties. Importantly, however, is the
reliance on Sp ToBI as the annotation method.

2.2. ToBI

ToBI, short for ‘Tones and Break Indices’, is a transcription
schema for documenting prosody around a set of labels deemed
appropriate for the language’s underlying categories and struc-
ture. The scheme is phonological in nature, framed within
Autosegmental Metrical Phonology (‘AM’). Intonation is thus
viewed as ‘a string of categorically distinct elements’ [9, p43].
Tones are partitioned into ‘pitch accents’ which align with met-
rical heads, and ‘edge tones’ which align with the metrical
edges. Breaks vary in their label according to the strength of
the prosodic juncture they represent, e.g., a intermediate phrase
(‘ip’) or an Intonational Phrase (‘IP’) [11, 9]. The linear repre-
sentation of tones and breaks encodes underlying phonological
structure: tones are representative of phonological categories,
and breaks prosodic structure.

ToBI initially emerged as a means to model intonation
of Mainstream American English (MAE ToBI) [11, 12], with
language- and variety-specific systems having since been de-
veloped, e.g., ‘K-ToBI’ (Korean) [13], and ‘GlaToBI’ (Glaswe-
gian English) [14]. This broad phonetic transcription is intu-
itive and holistic, and thus appropriate for language documenta-
tion. It is also easily acquirable and conducive to collaboration
[15]. Developed to capture pan-dialectal, intonational similari-
ties, Sp ToBI has been successfully applied in documenting the
prosody of several Spanish dialects [16, 17, 18, 4, 5, 19, 7, 8].
Pertinent to the present study is the existence of L+H* and
L+>H*. Both rises with onsets in the stressed syllable, L+H*
encodes tonically aligned peaks, and L+>H* post-tonic peaks.
As mentioned, whilst ToBI systems have their merits and the
binary rise dichotomy was useful in documenting initial pat-
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terns [2, 3], we do not consider this method the most appropriate
moving forwards.

Firstly, ToBI annotation is abstract. Designed for phonolog-
ical analysis to capture between-category variation, not within-
category, one label may encode many phonetic realisations.
Here, whilst Sp ToBI distinguishes L+H* & L+>H*, it does
not specify where within the nasal syllable peaks align. It
may therefore be that greater allophonic variation emerges, yet
this detail is not captured. Moreover, labels do not contain
information outwith the global shape, e.g., pitch range or ve-
locity. Again, should such differences emerge between fo-
cus conditions in AFS, this would not be captured (see also
[20]). Secondly, ToBI systems presuppose existing phonologi-
cal knowledge of the language in question. Sp ToBI has been
constructed following Peninsular Spanish grammar [16]. Even
when adapted to Mexican Spanishes [4, 21, 19], few changes
have been made. Given its AM framework, Sp ToBI works un-
der the assumption that pitch is intonational in the variety of
Spanish being analysed: it is the global pitch contour across the
IP which signals phrase-level meaning. Whilst it is likely that
pitch is phrasal in AFS, it is not guaranteed. Moreover, it is a
contact variety, having emerged through historic and contem-
porary contact between African languages, surrounding indige-
nous languages, and Spanish. It may therefore be that complex
prosodic systems emerge similar to other contact varieties (e.g.,
Palenquero [22] or Papiamentu [23]). Thus, applying Sp ToBI
runs the risk of not only imposing Eurocentric intonational ide-
als of word-prosodic systems, but also failing to capture the nu-
ances and uniqueness of the prosody in question.

As mentioned, methodological shortcomings of [3] moti-
vated the present study, whose interests lie in the documentation
of F0 variation, and complex questions pertaining to segmental-
suprasegmental interactions. Given the discussion above, it is
our belief that Sp ToBI is ill-equipped to address these. Instead,
the research goals point to the need to analyse the F0 contours
themselves through data-driven methods which do not presup-
pose underlying phonological structure. We therefore advocate
for K-Means Clustering (‘KM’) and Generative Additive Mixed
Models (‘GAMMs’), which we explain in §3. We consider how
methods accurately capture focus and segmental effects in peak
alignment in AFS and the ambient, non-Afro Altiplateau Mexi-
can Spanish (‘AMS’). We ultimately seek to contribute to an un-
derstanding of F0 analysis methods in capturing phonetic vari-
ation within and between varieties, and the implication of this
for future documentation of under-researched language.

3. Methodology
3.1. Data collection

Experimental data was collected through fieldwork trips.
Speakers of AFS self-identified as afro-indigenous (‘moreno’)
from the Costa Chica (southwestern Mexico), and speakers
of AMS European-indigenous (‘mestizo’) from Toluca (central
highlands). 11 participants from each group read aloud 12-
syllable sentences containing target words in in- and post-focus
conditions. The target syllable contained the tonic vowel /a/
preceding /l/, /n/, or /s/ (C1). 12 word pairs were selected: 6
with post-vocalic /s/, and 6 with post-vocalic /n/ or /l/. Syllable
aperture was manipulated through the inclusion of /t/ (C2), e.g.,
manto (/‘man.to/, ‘cloak’) vs. mano (/‘ma.no/, ‘hand’). Target
words were randomised and received the 3rd and penultimate
pitch accent. The recordings were made on a Marantz PMD661
MKII recorder with a head mounted microphone placed 12 cm

from the mouth. Recording levels were monitored throughout.
The variable context was outlined as the tonic vowel and

post-tonic syllable, e.g., /a/ & /no/ for ‘mano’, and /an/ &
/to/ for ‘manto’. Onsets of the tonic syllable were excluded
due to variability in voicelessness. F0 was sampled at 20 time-
normalised intervals within each syllable with F0 trajectories
z-scored within speaker. With three repetitions per speaker,
1,467 contours were analysed for AFS, and 1,523 for AMS (N =
2,990). Tokens were coded for focus (‘post-focus’, ‘in-focus’),
following sound (‘sibilant’, ‘nasal’, ‘lateral’), syllabic affilia-
tion (‘open’, ‘closed’), speaker (‘S1’ - ‘S22’) and variety (‘afs’,
‘ams’). Trajectories were then analysed through K-means clus-
tering and GAMMs.

3.2. Clustering & GAMMs

Cluster analysis, as a general approach, is a bottom-up, unsu-
pervised method, in which a dataset is partitioned into groups
(clusters) of observations along one or more dimension. It al-
lows researchers to make distinctions in the data without in-
put or expectation of where these should be, thus removing the
likelihood of imposing pre-conceived labels. Methods vary in
how data is grouped. Specifically, K-Means clustering (‘KM’)
partitions data around centroids. Clusters are identified iter-
atively through assigning observations based on proximity to
seeds (initially) and then cluster centroids in the n-dimensional
clustering space. Data points which lie closest to each centroid,
calculated here through Euclidean distance, are then assigned
to the cluster. This process iterates until the clusters stabalise
[24, 25]. One important consideration for KM is that the num-
ber of clusters is pre-determined at the initiation of the algo-
rithm. In an exploratory context, as with the present study, one
approach is to run the algorithm with a range of cluster num-
bers that represent probable minima and maxima for groupings
in the data, and then select among the various cluster solutions
by some evaluation metric. This approach, as implemented in
[26], is the one we take here.1

Whereas clustering offers a descriptive, unsupervised anal-
ysis of the groups within the dataset, GAMMs require the re-
searcher to specify the metrics along which data should be di-
vided. As with Linear Mixed Effects Regression models, they
present predictive realisations of the data, here F0 trajectories.
Where confidence intervals differ may indicate locations of dif-
ferences in the contours. Whilst GAMMs may be used infer-
entially to model F0 differences between speaker groups (e.g.,
[29]), we opt to include them as a descriptive tool with clus-
tering. Clustering identifies where general distinctions emerge
on global F0 contours both within and between speaker groups,
and GAMMs to offer a more qualitative analysis of these.

The datasets were combined and aggregately passed
through a clustering script using kml [26], and modified from
the script used in [25] (available on the OSF) to visualise the
mapping of emergent clusters to variety and/or focus. A range
of 2:6 clusters were tested. To assess the predictive strength
of emergent cluster labels to focus conditions and variety, lo-
gistic regression models were run on the dependent variable,
cluster, (ref: cluster A) with an interaction between focus (ref:
post-focus) and variety (ref: afs) using the lme4 package [30]
with speaker as a random intercept. Based on these initial dis-

1Although other clustering methods exist, e.g., Hierarchical Clus-
tering, pilot analysis of AFS confirmed KM’s ability to deal with ex-
treme data points [24, 27, 28, 25]. Given the unexplored nature of AFS
prosody, removing data could lead to the removal of important, previ-
ously undocumented variation, such that KM was selected.

2941



−1.0

−0.5

0.0

0.5

1.0

0 10 20 30 40
prop. duration

sc
al

ed
 F

0 km_2

A

B

Figure 1: Mean trajectory for each cluster.

tinctions, variety-specific datasets were analysed with GAMMs,
with concentration on focus distinctions and segmental, allo-
phonic variation.

4. Results
4.1. Clustering

A 2-cluster solution was considered as best fit for the aggre-
gate dataset as determined by the Calinski-Harabatz index [31].
2 Similar contours emerge: a rise reached in the tonic syllable
before the 20th time-stamp (the syllable boundary) followed by
a fall in the post-tonic syllable. Differences are observable for
pitch range and velocity however. With scaled F0 values, Clus-
ter A is overall much lower in the F0 space. The initial rise and
subsequent fall, although visible, are reasonably shallow, cov-
ering little more than 0.25 scaled Hz. In contrast, Cluster B oc-
cupies a much higher F0 range. The rise and fall are also much
steeper, covering a much greater pitch range (approximately 0.5
scaled Hz) in a similar time frame to Cluster A (Figure 1).

With clusters plotted proportionally for variety, both
speaker groups show relatively equal use of each contour, with
slightly higher proportional use of Cluster A. Rather, as shown
in Figure 2, emergent clusters map to focus: for both AFS
and AMS, Cluster A is used proportionally more in post-focus
contexts, and Cluster B proportionally more in in-focus. Post-
hoc pairwise comparisons reveal that across varieties, Cluster A
was significantly more likely in post-focus than in-focus condi-
tions (e.g., AMS post-focus - in-focus, t = -24.806, p >.001).
Variety-specific effects also emerged: cross-variety compar-
isons within focus condition highlight that Cluster B was sig-
nificantly more likely in in-focus and Cluster A in post-focus
for AFS than AMS (e.g., in-focus AFS-AMS, t = -2.256, p >
.05; post-focus AFS-AMS, 6.983, p >.001). Initial cluster anal-
ysis therefore suggests that both varieties mark focus through
distinctions outwith trajectory shape, with in-focus conditions
marked through higher and greater pitch ranges, and steeper
rises/falls. Even so, AMS makes greater use of these distinc-
tions than AFS.

4.2. GAMMs

Syllable, sound and focus-specific GAMMs for AFS and AMS
are displayed in Figure 3. Note, we do not include pair-
wise comparison of smooths. Instead, inferential analysis, e.g.,

2This metric, argued to be optimal as compared to other partition-
ing indices [26, 32], seeks to maximise between cluster variation (well-
separated clusters) and minimise within-cluster variance (compact clus-
ters), by maximising the ratio of between to within cluster variation,
with normalisation for the number of clusters (see [31] for details).

afs ams

post−focus in−focus post−focus in−focus

0.00

0.25

0.50

0.75

1.00

Focus

P
ro

po
rt

io
n

Cluster

A

B

Clustering for variety & focus

Figure 2: Distribution of Clusters A and B according to focus
condition for AFS (left panel) and AMS (right panel).

FPCA, is discussed in §5. For AFS, patterns show clear tra-
jectory differences between focus conditions: those in broad
focus tend to be falling or low plateaus, whilst those in in-focus
are short rises followed by sharp falls, however this varies ac-
cording to syllabic affiliation. Whilst few allophonic differences
are observable for post-focus environments, syllabic differences
emerge for in-focus contexts. In closed syllables, contours show
a small, but sharp peak to a upper frequencies reached before the
syllable boundary (0.50 time stamp) followed by a steep to the
scaled lower range. In open syllables, nasal and lateral contours
begin in the upper frequencies with a gradual fall, suggestive of
a previous peak. Sibilant trajectories, however, continue to rise,
reaching a maxima at the syllable boundary. Sibilant contours
also tend to occupy a higher pitch range than nasals and laterals.
All trajectories show sharp falls to the lower frequencies from
0.50 onwards. In all conditions, large confidence intervals oc-
cur, with much overlap with other contours, suggesting they are
unlikely to reach statistical significance with follow-up FPCA.

AMS shows focus and syllable-specific patterns (Figure 3).
As with AFS, differences arise for focus conditions, with post-
focus trajectories as low plateaus or gradual rises at the lower
frequencies of the pitch range, and in-focus sharp rises, fol-
lowed by a steep fall. In both syllable types for post-focus
conditions, sibilant and lateral trajectories rise gradually, whilst
nasals fall or plateau. In closed syllables, peaks are reached just
before (sibilant) or exactly on (lateral) the syllable boundary,
whilst in open syllables, they continue rising to the end of the
post-tonic vowel (time step 1.00). Differences emerge between
the lateral and sibilant contours, with sibilants occupying the
upper frequencies of the range, and the laterals lower. For in-
focus, variation in peak alignment and pitch range is noted for
syllable and segment condition. In closed syllables, peaks are
reached between the 0.25 and 0.50 time steps, i.e., within C1
before the syllable boundary. In open syllables however, peaks
align later, either exactly on the syllable boundary (sibilant) or
just after (nasal and lateral), i.e., just on or within the onset of
C1. Across both syllable conditions, sibilant trajectories occupy

2942



−1.0

−0.5

0.0

0.5

1.0

sc
al

ed
 f0

−1.0

−0.5

0.0

0.5

1.0

1.5

sc
al

ed
 f0

infocus postfocus

closed open closed open

AFS

infocus postfocus

closed open closed open

AMS

0.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.00
proportion two syllable window

0.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.000.00 0.25 0.50 0.75 1.00
proportion two syllable window

sound

lateral

nasal

sibilant

sound

lateral

nasal

sibilant

Figure 3: GAMMs according to sound (line colour) and syllabic
affiliation (subset) for AFS (top) and AMS (bottom). GAMMs
are subset for in-focus (left panel) and post-focus (right panel).

higher scaled frequencies, showing little overlap of confidence
intervals at the onset and peak. Additionally, for closed sylla-
bles, peaks are earlier and higher, with little overlap with nasal
and lateral peaks.

5. Discussion & conclusions
Combined clustering and GAMMs indicate that AFS and AMS
distinguish focus through F0 contour shape and range. Post-
focus conditions are signalled through low-falling plateaus, and
in-focus through sharp rises and falls towards the scaled F0
maxima and minima. Dialectal difference arise, with AMS
making greater use of focus distinctions and showing more
segmental and syllabic variation. Namely that sibilants elicit
higher frequencies, with rises in broad focus, generally higher
F0 ranges, and higher and earlier aligned peaks across focus
conditions. This sibilant effect is less pronounced in AFS with
greater overlap with segmental positions. Moreover, differences
between syllable condition in AFS are minor. In AMS however,
peaks align earlier in closed syllables in both post- and in-focus
contexts.

Notwithstanding the interesting theoretical implications for
the Segmental Anchoring Hypothesis (see [3]), we focus on
the methodological contributions for language documentation.
We sought to assess the effectiveness of bottom-up clustering
and GAMMs in capturing between and within variety-variation.
Results indicate fine-grained phonetic differences according to
speaker group, focus, segment, and syllabic affiliation. It is our
belief that the use of Sp ToBI would have both oversimplified
and overcomplicated the analysis. Firstly, based on initial clus-
tering of the aggregate dataset, both in- and post-focus trajec-
tories would have been assigned L+H* based on their global
shape, despite differences in their pitch range. A similar issue
would have arisen with the assignment for labels in AMS, with
sibilant contours receiving the same L+H* labels as nasal and
laterals, despite GAMMs highlighting likely differences in pitch

range and peak alignment.
On the other hand, although differences in peak alignment

in AFS may have been encoded through L+H* and L+>H*, this
may carry an inadvertent phonological interpretation. Given the
phonological nature of ToBI, assigning different labels is sub-
liminally indicative of ascribing variation in underlying phono-
logical categories. We are not currently in the position to con-
clude whether these phonetic differences constitute meaning-
ful phonological units. Rather, we instead focus on whether
(i) phonetic variation exists; and (ii) the implication of this
on wider discussions surrounding variable pitch anchoring in
Spanish [10]. The use of ToBI therefore simultaneously ex-
cludes key phonetic variation, and implicates a phonological
conclusion that we are not in the position to make.

We thus argue that for the present study and future docu-
mentation focusing on fine-grained phonetic interactions, data-
driven approaches such as clustering and GAMMs are most ap-
propriate. These methods compliment each other: clustering is
bottom-up, thus does not presuppose an underlying grammar,
and is neutral to the type of F0 distinction and its temporal lo-
calisation in the contour. Nonetheless, whilst certain nuanced
differences may be missed, e.g., segmental differences in peak
alignment, these may be captured through GAMMs, which, al-
though not bottom-up, is a useful tool for more detailed analy-
ses. Clustering thus provides the metrics along which GAMMs
may be run. Together, these methods also facilitate future sta-
tistical analyses. We have ascertained that notable differences
in trajectories lie with regards peak alignment and frequency
onset/offset. We can then use this information to inform future
modelling, principally FPCA to ascertain whether indeed statis-
tical differences emerge in these specific locations of the pitch
contour.

It is important to underline that we are not denying the merit
of a ToBI analysis, rather highlighting that it may be better
placed later on in the documentation process. This is particu-
larly relevant for studies such as these, which seek to document
phonetic processes of language. Once these patterns have been
documented through the bottom-up approaches outlined above,
further experimentation, e.g., perception activities, may deter-
mine whether variation is phonetic or representative of underly-
ing phonological categories. With this established, ToBI labels
may be assigned.

In conclusion, we believe that the findings and methods
above signal the utility of data-driven documentation methods.
They allow one to capture complex interactions that would oth-
erwise be missing from broad phonetic transcription without
risk of imposing phonological assumptions on undocumented
grammars. From the initial pitch contours, one can run fur-
ther inferential analysis, such as FPCA, in order to construct a
deeper understanding of fine-grained interactions. They simul-
taneously facilitate future, phonological and intonational mod-
elling, which can be applied once the initial patterns are doc-
umented. We believe this method offers hope not only for the
continued prosodic documentation of AFS, but also other un-
documented varieties which are often overlooked.
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