CHAPTER SEVEN

Dental fricatives: Patterning, evolution, and factors
affecting a rare class of speech sounds

Dan Dediu'?3, Jingmin Lin*, Scott R. Moisik’,
Steven Moran>°

Abstract

The (inter-)dental non-sibilant fricatives, consonants articulated with the tongue
tip or blade against or between the front teeth, are rare among the world’s lan-
guages but, nevertheless, are present in the sound inventories of some of the
most spoken languages in existence. Here we try to shed light on the reason(s) for
their distribution using multiple approaches, ranging from examining large cross-
linguistic databases and phylogenetic reconstructions to the analysis of speech
production data and anatomical measurements of rigid oral cavity structures
obtained using intraoral 3D optical scanning. With these, we don’t only confirm
that dental fricatives are rare among the present-day languages, but also that
they have likely been so as far back as language families can be reconstructed,
and that they are rarely borrowed between languages. The experimental data
from L2 English speakers seem to suggest that details of the anatomy of the ante-
rior vocal tract may play a role in the success of their acquisition. Therefore, den-
tal fricatives are rare speech sounds for a multitude of reasons touching upon
their articulation, acoustics, and confusability with other speech sounds, includ-
ing the difficulty to produce in both L1 and L2 acquisition, the difficulty to perceive
in L2 and in borrowing situations, and the rarity of attested sound changes pro-
ducing them. Nevertheless, their frequent loss and merging with other phonemes
in language change. Moreover, our data suggest that tiny, continuous, and over-
lapping patterns of variation in the anatomy of the anterior oral vocal tract may
help explain their instability and geographic patterning.
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INTRODUCTION

The (inter-)dental non-sibilant fricatives are consonant speech sounds
articulated by placing the tongue tip or blade against (or between) the
front teeth (Ladefoged and Maddieson 1996). They are rare cross-lin-
guistically and are difficult to acquire for L1 and L2 learners alike. Here
we try to shed some light on these intriguing speech sounds through the
use of a multi-pronged approach that combines quantitative studies of
their present-day cross-linguistic distribution and of the factors that
affect their evolution (including sound change and language contact),
with an experimental investigation into the factors that influence their
successful production (or not) by second-language speakers of English.
When we contextualize dental fricatives within the existing literature, it
becomes clear that they are rare for multiple substantive reasons, and that
their distribution and evolution is driven by linguistic, socio-demo-
graphic, and biological factors.

This paper is structured as follows: first, we introduce the main ques-
tions that guided our research, followed by a description of the data and
methods used, then we summarize the main findings (all the data, code
and results are openly available), and we end with a discussion and ideas
for future research.

THE SEVEN QUESTIONS
What are they?

Dental and interdental non-sibilant fricatives (henceforth dental fric-
atives) broadly symbolized as voiceless [0] (as in English third and
method) and voiced [08] (as in English the and mother), are a class of
weak fricatives with common articulation involving the tongue tip or
blade positioned in proximity to the upper front teeth. The exact place-
ment of the tongue relative to the teeth can vary in anteriority, with the
term interdental indicating a more extreme anterior placement of the
tongue such that it protrudes between the upper and lower incisors
(which must be slightly separated by jaw opening). This variation in
exact place of articulation produces very little difference in the auditory
quality of the fricative, and English is an example where speakers vary
between dental and interdental productions within and across varieties
(Ladefoged 1990: 343). Should narrow transcription differentiation be
required, the extended IPA provides the diacritic ¢ (Ball, Howard, and
Miller 2018) to denote interdental place of articulation. There is a wider
class of (inter)dental sounds comprised of various other manners of artic-
ulation, including approximants, which have been reported in some lan-
guages in the Philippines and Western Australia (Mielke et al. 2011;
Olson et al. 2010), and interdental stops, reported in some Australian lan-
guages (Ladefoged and Maddieson 1996).
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Our focus here is strictly on fricatives, and we note that the sounds we
consider are distinct from the sibilant dental fricatives [s z]. (Sibilant
interdental fricatives are a theoretical possibility, but it is difficult to pro-
duce comparably strong frication with an interdental posture because of
the absence of a downstream obstruction like the teeth capable of gener-
ating a strong noise source). Being non-sibilant, dental fricatives gener-
ate little noise, and lack the distinctive “hiss” that sibilants possess
(Ladefoged and Johnson 2010). They are also quiet and among the least
perceptually salient consonants. Their overall low intensity is reflected in
a spectrogram as a relatively faint, diffuse spectrum, with “no clearly
dominating peak at any particular frequency region” (Jongman, Way-
land, and Wong 2000), although some studies estimate that the main
noise energy lies in the high-frequency band of around 6000 to 8000 Hz
(Fry 1979; Strevens 1960). In English, as members of the non-sibilants
(/f, v, 6, 8/), they have slightly shorter durations than the sibilants (/s, z, [,
3/), although this tendency is dwarfed by the much larger difference in
duration between the voiced and voiceless fricatives; they also have
lower overall amplitudes and higher variability (across a range of meas-
ures, such as the spectral moments) than the sibilants (Maniwa et al.
2009). Whereas frication noise in sibilant fricatives is sufficient for lis-
teners to distinguish between place of articulation, interdental (and labio-
dental) fricatives with more diffuse spectra are difficult to reliably distin-
guish, so that listeners must rely more heavily on F2 transition (Wright
2004). The voiced dental fricative /0/ can typically be differentiated from
its voiceless counterpart /8/ by the presence of glottal pulses, which man-
ifest in the spectrogram as a series of vertical striations. In addition, /0/
also tends to be characterized by the existence of a “voice bar”, a dark
band of low frequency energy near the baseline of the spectrogram
(Ladefoged and Johnson 2010). Figure 1 shows a spectrogram illustrat-
ing canonical English [8] and [6].
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Fig. 1.

Spectrogram of a careful,

deliberate reading of the

phrase “The fins are thin” by

a male native speaker of
Canadian English (SRM).

Please note also the spectral

similarities between the

voiceless dental fricative [O]
and the voiceless labiodental

fricative [f].
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What is their current cross-linguistic distribution?

The dental fricative phonemes /8/ and /0/ are reported to be rare among
the world’s languages (Maddieson 1984; Moran and McCloy 2019), but
can we quantify and describe their distribution in more detail? We
approach this question using the data from the latest currently available
version of PHOIBLE (Moran and McCloy 2019) and Glottolog
(Hammarstrom et al. 2020).

Can we know if they were used in past languages?

Ascertaining the presence of speech sounds in extinct (proto-)languages
is a formidable task, but even more so when they are rare. So, what can
we say about the presence of dental fricatives in ancient and recon-
structed languages, if anything? To answer this question, we use the data
available in the latest version of the BDPROTO database (Marsico et al.
2018; Moran, Grossman, and Verkerk 2020).

How are they borrowed?

Pretty much anything can be borrowed under the right circumstances
(Thomason and Kaufman 1988), but the details are very complex,
indeed. So, can we say anything about the languages that borrowed den-
tal fricatives and under what circumstances? We use the data available in
the SegBo database (Grossman et al. 2020) to try to answer this question.

How are they transmitted vertically?

Besides being (possibly) borrowed, dental fricatives also evolve verti-
cally, being inherited, lost or innovated within language families. We
investigate this using phylogenetic methods (Dunn et al. 2008) applied to
the PHOIBLE database (Moran and McCloy 2019) in a few large fam-
ilies that make the application of such methods possible, retrieved from
D-PLACE (Kirby et al. 2016).

Does vocal tract anatomy influence their acquisition and production?

It is generally agreed that dental fricatives are hard to acquire for native
speakers (Laitman et al. 1972) as well as for second-language learners,
with several patterns of substitutions being reported and (partly)
explained by orthography, perception, phonology, and phonetics. Here
we analyze a large database of speakers from four large ethno-linguistic
groups that are trained to produce dental fricatives, and where we try to
predict their success rate at producing the intended /0/ and /d/ using var-
ious individual measures, including measures capturing the anatomy of
the vocal tract. In effect, we are trying to see if there are aspects of the
vocal tract that influence the articulation of the dental fricatives and
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which may help explain not only inter-individual differences in their pro-
duction, but also possibly their cross-linguistic patterning.

So, why are they rare?

Finally, we hope that the (partial) answers to all of the questions above
might help us explain not only why these speech sounds are rare, but also
why they are distributed the way they are both between and within lan-
guages.

DATA AND METHODS

Here we briefly summarize the data and methods used, but the full data,
code and results are available in the GitHub repositories
bambooforest/interdentals (https://github.com/bambooforest/interdentals)
and ScottMoisik/DentalFricGit (https://github.com/ScottMoisik/Dental FricGit),
for the cross-linguistic and experimental approaches, respectively.
Moreover, the code needed to generate this paper is available in the
GitHub repository ddediu/the (https://github.com/ddediu/the). We used
R (R Core Team 2021) and Rmarkdown (Xie, Allaire, and Grolemund
2018) through RStudio for data analysis, plotting and the generation of
the reports and of this paper.

Cross-linguistic approaches

We used the following databases: PHOIBLE (Moran and McCloy 2019)
for the presence/absence of dental fricatives across the world’s languages
(in particular, for 0 and 0); Glottolog (Hammarstrom et al. 2020) for
information about language families; D-PLACE (Kirby et al. 2016) for
retrieving the phylogenies of large families used in the phylogenetic
analyses; BDPROTO (Marsico et al. 2018) for the presence/absence of
dental fricatives in ancient and reconstructed languages (selecting the
phonemes “0” and “8”); and SegBo (Grossman et al. 2020) for data on
borrowing (selecting the phonemes “0” and “0”). While there might be
various sources of errors and biases in such databases (due to, for exam-
ple, transcription traditions or the linguist’s familiarity with languages
that possess dental fricatives), these are notoriously hard to spot and
would need a study of their own; however, such errors and biases should
not affect our conclusions here too much.

Methodologically, all analyses were implemented in R using various
packages (please see the corresponding analysis report for details). For
the phylogenetic analyses, we used data for the Indo-European and Sino-
Tibetan language families, as published in Chang et al. (2015) and Zhang
et al. (2019), respectively, and available from D-PLACE (Kirby et al.
2016). For this, we first pruned these phylogenies to the dental data avail-
able (collapsing, in the process, several varieties belonging to the same
Glottocodes into a single value), and then we generated stochastic char-
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acter maps (Huelsenbeck, Nielsen, and Bollback 2003; Nielsen 2002;
Revell 2012) using the make.simmap () function from package
phytools (Revell 2012) with the “all rates different” model (ARD),
where Q is set to “empirical” (maximum probability, full Bayesian
MCMC) with 10 simulations.

Experimental approach

Here we capitalize on a large dataset, part of the ArtiVarK (Articulatory
variation in speech and language) project conducted at the Max Planck
Institute for Psycholinguistics, in Nijmegen, The Netherlands, between
2012 and 2017 (for more details, please see Dediu and Moisik 2019).
This project is covered by the ethics approval 45659.091.14 (1 June
2015), Donders Center for Brain, Cognition and Behaviour, Nijmegen;
for a full description, please see the Supplementary file 1 of Dediu and
Moisik (2019) hosted at doi:10.5281/zenodo.1480427. While the full
dataset comprises speech data, anatomical measurements, as well as
detailed language background information from 96 participants from
several large ethno-linguistic groups, we keep here only the L2 English
speakers (removing thus 6 native English speakers). We also removed 7
other participants that were part of a convenience sub-sample used to
“fine-tune” the experimental protocol, retaining here 80 participants, all
L2 English speakers with no dental fricatives in their respective L1
inventories, from four broadly defined ethno-linguistic groups: “Dutch”
(speakers of Dutch from the Netherlands), “Chinese” (speakers of Sino-
Tibetan languages), “North Indian” (speakers of Indo-Aryan languages),
and “South Indian” (speakers of Dravidian languages). The participants
were generally young (mean age 25) and had very little formal training
in phonetics despite being highly educated.

Linguistic speech data was acquired at the Donders Center for Brain,
Cognition and Behaviour, Nijmegen, using: (1) an informal interview,
using prompts such as “What other languages do you speak?”” and “Tell
me a little bit about your experience learning English; when were you
first exposed, when was it formally introduced in school, and so forth,”
for the purposes of eliciting naturalistic speech; and (2) a formal reading
task, where participants were instructed to produce various sounds in an
isolated /a_a/ context, a sentence context “I say /a_a/ for them”, and a
tongue twister context, e.g. “This thin thought”. Anatomical data was
obtained through high resolution intraoral 3D optical scans using a
TRIOS® 3shape system at the Department of Orthodontics and Cranio-
facial Biology, UMC Radboud, Nijmegen. In order to quantify these
anatomical data, the intraoral scans were landmarked and traced using
Landmark (Wiley 2007) and aligned and analyzed using a custom
MATLAB script see Figure 2. The landmarks and measures were chosen
to provide a reasonable coverage of features of the upper and lower jaws
that might theoretically impact the articulation of dental fricatives
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(among other sounds that were part of the original ArtiVarkK
study (Dediu, Janssen, and Moisik 2019; Dediu and Moisik
2019). After eliminating anatomical variables that were too
strongly inter-correlated (see Dediu and Moisik 2019) and add-
ing the Principal Components (PCs) of overall jaw morphology
obtained from the Principal Component Analysis (PCA) of the
vertex data from the intraoral scans (see Dediu et al. 2019), a
final total of 34 anatomical variables characterizing the various
rigid structures of the vocal tract were retained (see Figure 3
and the Appendix; these anatomical data can be found in the

supplementary materials of Dediu and Moisik (2019), freely
available at doi:10.5281/zenodo.1481941). Given the high
inter-correlations between some of the anatomical variables,
we also ran a Principal Component Analysis across all these variables,
resulting in a set of Principal Components that capture the same variation
but are statistically independent. Participant sex, age, height, weight, for-
mal phonetic experience, self-declared English proficiency and the broad
ethno-linguistic group were also included. All independent variables
were standardized (z-scored).

From the acoustic recording, all tokens of dental fricatives were tran-
scribed and coded auditorily, and on the basis of the acoustic signal and
spectrogram using Praat (Boersma and Weenink 2001). As noted in
previous studies, it is extremely difficult to annotate dental fricatives
with absolute certainty: it is challenging to identify dental fricatives reli-
ably from spectrograms, and even trained phoneticians tend to disagree
on what classification should be used where dental fricatives are con-
cerned (Moorthy and Deterding 2000). Therefore, a broad transcription
was used as far as possible, i.e., diacritics (such as aspiration) were
avoided unless required, to increase inter-rater reliability, but at the same
time keeping in mind that most of these dental fricative judgments
remain subjective (particularly in the case of voiced dental fricatives).
Two raters coded the data as follows: the first rater (LJ) performed a tran-
scription and segmentation of the data using Praat and a custom tool
developed in MATLAB, while the second rater (SRM) provided an audi-
tory judgment (assisted only by a waveform visualization) of whether, for
each case of dental fricative transcribed by the first rater, the production
could be considered successful (i.e., whether it was produced as the
intended voiceless or voiced non-sibilant dental fricative or something
else); 0 and 0 were examined separately. For each token, there were 4
tiers of labeling: segment (what was actually produced by the partici-
pant), target (what the correct production should have been), position
(word position of the dental fricative; initial, medial, or final), and word
(the word that the dental fricative occurred in); the latter two are ignored
here due to the low number of occurrences of certain values (e.g., dental
fricatives in word-final position). This allows us to observe the various
patterns of productions or substitutions that are being used, and to deter-
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Fig. 2.

Intra-oral scan of author
SRM'’s upper jaw (seen from
below, scale in millimeters; not
used in the study), showing the
landmarks for the hard palate
anterior (hpa) and posterior
(hpp), the left and right canines
(cal/can), second premolars
(pml/pmr) and second molars
(eml/emr), and the right incisor
tip (is), as well as the traces
along the palate connecting
these landmarks (used during
the measurement process).
Please see the Appendix for
more information.
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Fig. 3.

The full set of primarily classical measurements automatically derived from the landmarks and traces using a custom
MATLAB script for author SRM (not used in the study). All scales are in millimeters. The following landmarks derived in part
from those in Figure 2 are employed for measurement: a point in the coronal plane intersected by the second molar land-
marks (em/and emr) near the transverse suture (TS); the peak height of the palate roof (PH); the superior (maxillary) midsagit-
tal alveolar ridge inflection point (UR); the lingual gingival margin of the upper (maxillary) incisors (UM); the incisal edge of
the (right) upper (maxillary) incisors (UE); the inferior (mandibular) midsagittal alveolar ridge inflection point (LR), the lower
(mandibular) incisal edges of the (right) incisors (LE); and the centroid of the upper second molar landmarks (em/and emrin
Figure 2) (M2, not shown). The (near-)midsagittal contour, offset to the right to include the full right incisor, as seen in the
coronal (panel A) and axial (panel B) plots of the upper jaw, is divided into four sections (the green highlights): the palate roof
(TSto PH), the palate transition (PHto UR), the alveolar ridge (URto UM), and the right upper incisor (UM to UE). The lower
jaw is represented by a single section for the right lower incisor (LR to LE). Along with the half arches of the coronal profile of
the palate (coronal M2 arch; panel D) and the dental arch (panel B), these sections were analyzed via simple angular meas-
ures and 4™ order polynomial curve fits (with the coefficients listed in descending powers). Measures of tongue tip area and
available area (ttAvailA in the Appendix) were computed by integrating the area underneath the alveolar ridge and maxillary
incisors down to the bottom of the sublingual margin (LR) and subtracting the area beneath the lower incisors (cyan highlight;
extending to and delimited by the upper incisors) down to the same point (LR). Panel C shows the extraction of panel A.
Notations (abbreviation; /D in Appendix): palate height (Py; pHeight), length (P|; pLen) and width (P\y; pWid), alveolar ridge
height (Ay; aRHeight) and depth (Ap; aRDepth), overjet (0 j; overjet) and overbite (Og; overbite), and sublingual margin height
(Sy; sIMHeight) and depth (Sp; sIMDepth). Please see also Figures 10 and 11 and the Appendix.
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mine the “success rate” for each participant (how often the participant
accurately produced the intended dental fricative). In the statistical anal-
yses, we used the second-pass coding.

Given the exploratory nature of this paper and the relatively small
sample size, we ran three broad types of statistical analyses, but all
implemented as mixed-effects (also known as hierarchical) /ogistic
regression whereby the dependent variable (the DY) is the binary success
(“yes” if the second-pass coding of the token matches the intended dental
fricative, otherwise “no”), the fixed effects (or predictors or independent
variables, /Vs) depend on the model tested, and the participants are mod-
eled as a random effect. The three broad types are: (1) the independent
contribution of each possible /V to predicting the DV, (2) the overall con-
tribution of those /Vs that capture aspects of the anatomy of the vocal
tract (henceforth anatomical /Vs or a/V’s) to predicting the DV above and
beyond the non-anatomical /s, and (3) step-wise statistical model sim-
plification, where we start with the fiu// model containing all the possible
1Vs and remove sequentially those /Vs that are either too inter-correlated
with the other /Vs or do not make a sufficiently important contribution
to predicting the DV, ending with a reduced model with uncorrelated
1Vs that each contribute to predicting the DV. Each of these was imple-
mented using both frequentist and Bayesian approaches, as
follows. The frequentist approach used function glmer(...,
family=binomial (1ink="logit")) in library 1me4 (Bates,
Maichler, Bolker, and Walker 2015), with fixed-effect p-values as
given by the asymptotic Wald tests or model comparison through
anova () with a »* test; we used throughout an o-level
of 0.05. The Bayesian approach used function brm(...,
family=bernoulli (1link="logit")) in library brms (Biirkner
2021) with a student t(3, 0, 3) prior for all fixed effects; we
used visual checks and R for model convergence, visual checks of the
posterior distributions, and the practical equivalence test, ROPE-based p-
values, and posterior null hypothesis testing (as implemented by the
functions equivalence_ test() and p_rope() in library
bayestestR and the function hypothesis () in library brms,
respectively); we also used model comparison with Bayes factors, LOO,
WAIC and K-FOLD (n=10). For both approaches to model simplifica-
tion, we first used VIF (Variable Inflation Factor) with a cut-off of 5 to
sequentially remove the highly correlated /Vs (i.e., at each step the 7V
with the highest VIF would be removed until all remaining /Vs had a VIF
<'5), but while we used the actual mixed-effect logistic model in the
frequentist approach to estimate the VIFs, we used instead a “flat” linear
model with a randomly generated normal (//(0,1)) “fake” DV (as sug-
gested by the creator of the brms package, Paul-Christian Biirkner; this
is based on the fact that the VIF of a predictor depends only on the other
predictors and not on the dependent variable, in essence being a program-
ming “trick” to use R’s check_collinearity () function from
package performance). This was followed by the “importance”-based
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sequential removal of IV, in the frequentist approach using the AIC
(Akaike Information Criterion)-based method implemented by R’s
step () function, followed by a p-value-based method; in the Bayesian
approach, we used the practical equivalence test, ROPE-based p-values,
and posterior null hypothesis testing, ranked in this order. We also per-
formed a post-hoc statistical power analysis to study the effect of sample
size on the probability of detecting the kind of anatomical effects on the
success rate of 0 and 0 observed in our data.

It is important to stress that we interpreted the results of these
approaches jointly, trying to extract the strongest signals in our data, and
that we see these results as purely exploratory and we intend them as gen-
erating hypotheses for future, targeted studies.

RESULTS

The results are structured by question (except for the first question,
which was already answered above), but the interested reader can find
full details in the two GitHub repositories mentioned.

What is their current cross-linguistic distribution?

There are currently 2177 distinct Glottolog codes in PHOIBLE, of which
220 (or 10.1%, representing 237 inventories) have dental fricatives. Also
considering various diacritics and combinations, the dental fricatives
appearing in more than two inventories are: ¢ (160; 67.5%), 6 (123;
51.9%), 8 (7; 3%), 9 (6; 2.5%), 10 (5; 2.1%), 10 (5; 2.1%), 0: (4; 1.7%),
31 (4; 1.7%), 10 (4; 1.7%), do (3; 1.3%), &° (2; 0.8%), and 0,(2; 0.8%). It
is clear that the overwhelming majority is represented by 6 and 0.

They are attested in all macroareas: Africa (76), Australia (28), Eur-
asia (67), North America (21), South America (15) and Papunesia (12),
but most inventories have only one dental fricative (152 representing
64.1%), while 72 (30.4%) have 2, 9 (3.8%) have 3, 1 (0.4%) has 4, and 3
(1.3%) have 5. There are slightly more inventories with a voiceless than
with a voiced dental fricative (Fig. 4).

Can we know if they were used in past languages?

There are 214 unique Glottolog codes in BDPROTO, of which 24 have
dental fricatives (11.2%). The most frequent dental fricatives are [3] (21
occurrences) and [0] (15), followed by [8] (6), [¢'] (5), [0:] (4), [0:] (2),
[6°](2), [6%] (2) and several more with a single occurrence, but these esti-
mates should be taken as suggestive at best. Recent work also shows that
the relative frequency of dental fricatives in languages today (as given by
PHOIBLE) is lower than what it was in the past (as given by BDPROTO),
whereas, for example, the labiodental fricatives show the opposite trend,
becoming much more common now than in the past (Moran, Lester, and
Grossman 2021).

WORDS, BONES, GENES, TOOLS: DFG CENTER FOR ADVANCED STUDIES



Dental fricatives

50

Latitude
{an)

-50 A

Longitude

Voiced

Voiceless

How are they borrowed?

The SegBo database contains 598 datapoints, but only a handful of cases
where dental fricatives were borrowed (see Table 1). It can be seen that
most cases involve single segments and an unknown origin, but also that
Swabhili [swah1253] borrowed three dental fricatives from Standard
Arabic via loanwords, as did Nubi [nubil253] for two dental fricatives
from Arabic or English. However, the rarity of these borrowings should
be seen in the context of the overall rarity of dental fricatives and of the
nature of SegBo, which is a convenience sample, not genealogically nor
areally balanced.

How are they transmitted vertically?

Here we use phylogenetic methods to investigate the diachronic evolu-
tion of dental fricatives, more precisely to estimate the way languages
gain or lose such sounds through time, as well as the probabilities that
ancient proto-languages might have had such sounds. However, such
methods are fruitfully applicable only for large language families where
enough languages (and, if possible, earlier proto-languages) have non-
missing data for the traits of interest (here, the presence or absence of
dental fricatives in their inventory). In practice, this means that we only
investigated the Indo-European and the Sino-Tibetan languages (N.B.
other families might be amenable to such analyses, but we leave this for
future research). For Indo-European, we used the phylogeny published
by Chang et al. (2015), and for Sino-Tibetan that published by Zhang et
al. (2019), both available in D-PLACE (Kirby et al. 2016). Matching the
available data for the presence/absence of dental fricatives in the lan-
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Fig. 4.

The distribution of languages
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Source Destination Segments
aika1237 (Aikana) kwaz1243 (Kwaza) o}
stan1288 (Spanish) kumi1248 (Tipai) 0
stan1288 (Spanish) mapu1245 (Mapudungun) 0
stan1288 (Spanish) sout2991 (South Bolivian Quechua) 0
stan1318 (Standard Arabic) chal1275 (Chaldean Neo-Aramaic) o°

? chal1275 (Chaldean Neo-Aramaic) 0°
stan1318 (Standard Arabic) nucl1706 (Neo-Mandaic) [}
stan1318 (Standard Arabic) swah1253(Swahili) 0,0% 0
stan1318 (Standard Arabic), stan1293 (English) nubi1253 (Nubi) 0,6

? chig1250 (Chiquihuitlan Mazatec) 0

? lish1247 (Lishana Deni) 0°

? luch1239 (Luchazi) 0,0

? mlah1239 (Mlahsd) 0°

? para1311 (Paraguayan Guarani)

? teop1238 (Teop)

? turo1239 (Turoyo) of
Table 1.

Cases of dental fricative borrowing contained in the SegBo database. The source (when known) and destination languages
are represented by their Glottocode, and are: aika1237 (Aikana, an isolate spoken in Brazil), stan1288 (Spanish), stan1318
(Standard Arabic) and stan1293 (English) as sources, and kwaz1243 (Kwaza, an isolate), kumi1248 (Tipai, a Cochimi-Yuman
language), mapu1245(Mapudungun, an Araucanian language), sout2991 (South Bolivian Quechua), chal1275 (Chaldean Neo-
Aramaic, an Afro-Asiatic language), nuc/1706 (Neo-Mandaic, an Afro-Asiatic language), swah1253 (Swahili, an Atlantic-
Congo language), nubi1253 (Nubi, an Afro-Asiatic language), chig1250 (Chiquihuitlan Mazatec, an Otomanguean language),
lish1247 (Lishana Deni, an Afro-Asiatic language), luch1239 (Luchazi, an Atlantic-Congo language), m/lah1239 (Mlahsb, an
Afro-Asiatic language), paral311 (Paraguayan Guarani, a Tupian language), teop1238 (Teop, an Austronesian language), and
turo1239 (Turoyo, an Afro-Asiatic language).
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guages of these families results in the pruned phylogenetic trees shown
in Figures 3 and 4, where, for each language with data, we show if it has
(blue) or does not have (red) dental fricatives. While for Indo-European
there are quite a few languages with dental fricatives, for Sino-Tibetan
there are only two such languages: S’gaw Karen [sgaw1245] and
Burmese [nucl1310]; Burmese reportedly has dental fricatives /6/ and /0/,
and S’gaw Karen (also spoken in Myanmar and Thailand) reportedly has
a voiceless dental fricative /6/, but more research is needed about their
phonetics and history. For both families, there is an overwhelming prob-
ability that dental fricatives were not present in their proto-languages
(=80% for Indo-European and =~95% for Sino-Tibetan), but emerged rel-
atively recently and rather “patchy” (especially in Sino-Tibetan); see
Figures 5 and 6.
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Fig. 5.

Indo-European phylogeny (pruned to the languages with data) showing which languages (terminal nodes) have (blue) and

Gujarati
Marathi
Maithili

Urdu

Eastern Panjabi
Hindi

Nepali

Kashmiri

Ossetic

Western Farsi

Tajik

Central Pashto
Northern Pashto
Southern Balochi
Northern Tosk Albanian
Eastern Armenian
Modern Greek

which do not have (red) dental fricatives in their inventories, as well as the reconstructed probability of dental fricatives in

the history of this family (branches), from 0% (red) to 100% (blue).

Does vocal tract anatomy influence their acquisition and production?
Exploratory analyses

Figures 7 and 8 show the various patterns of /6/ and /d/ productions per
participant, respectively, while Tables 2 and 3 summarize it by sex and
group.

For /0/, it can be seen that the majority of participants are able to pro-
duce [0] to some extent, although there are a fair number of participants
(mostly from the North and South Indian groups) that never produced it
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Lahu

Burmese
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length=2000

Fig. 6.

Sino-Tibetan phylogeny (same
conventions as for Fig. 5
above).
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at all, and that many participants do not stick to using only one type of
substitution. The accuracy rates differ vastly between groups: Dutch is
most accurate overall (70.1%), followed by Chinese (64%), while the
accuracy of the North and South Indian groups is much lower (at 15.2%
and 16.4%, respectively). [t] is the most common substitution, being used
to some degree across all groups, although there is a tendency for [s] sub-
stitution in the Chinese group over [t]. Females are markedly more accu-
rate than males across all groups.

For /0/, more than half of the participants are able to produce it as [0]
to some extent, although accuracy rates are lower than for /6/ across the
board. The Chinese and Dutch groups are accurate nearly only half the
time (52.6% and 51.4%, respectively), and the North Indian and South
Indian groups remain less accurate (at 24.1% and 13.2%, respectively).
Females are generally more accurate than males. There is less variation
in the substitutions used here, with near-unanimous usage of [d] across
all groups, and minimal usage of [z], which is surprising, as it was
reported to be one of the common substitutions for the Chinese group
(Deterding 2006).
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Table 2.
Percentage and number of occurrences of voiceless dental fricative /6/ productions by group and sex, regardless of word
position. “Other” signifies that the segment cannot be properly categorized. The most common substitutions are in bold.

Group Sex 0 t s f th other
Chinese F 89.9% (1) 0.0% (0) 10.1% (8) 0.0% (0) 0.0% (0) 0.0% (0)
Chinese M 52.0% (89) 15.8% (27) 26.3% (45) 0.6% (1) 2.3% (4) 2.9% (5)
Dutch F 71.8% (336) 10.6% (46) 2.3% (10) 3.7% (16) 5.1% (22) 0.5% (2)
Dutch M 61.5% (240)  26.4% (103) 1.3% (5) 1.8% (7) 3.3% (13) 5.6% (22)
North Indian F 25.3% (23) 61.5% (56) 0.0% (0) 0.0% (0) 13.2% (12) 0.0% (0)
North Indian M 11.7% (30) 79.4% (204)  0.0% (0) 0.0% (0) 7.8% (20) 1.2% (3)
South Indian F 30.6% (19) 67.7% (42) 1.6% (1) 0.0% (0) 0.0% (0) 0.0% (0)
South Indian M 13.9% (51) 83.1%(304)  0.3% (1) 0.0% (0) 2.2% (8) 0.5% (2)
Table 3.

Percentage and number of occurrences of voiced dental fricative /8/ productions by group and sex, regardless of word posi-
tion. “Other” signifies that the segment cannot be properly categorized. The most common substitutions are in bold.

Group Sex i) d t z 0 other

Chinese F 48.6% (54) 49.5% (55) 0.9% (1) 0.9% (1) 0.0% (0) 0.0% (0)
Chinese M 54.7% (110) 44.8% (90) 0.0% (0) 0.5% (1) 0.0% (0) 0.0% (0)
Dutch F 64.9% (318) 33.9% (166) 0.2% (1) 0.2% (1) 0.6% (3) 0.2% (1)
Dutch M 37.6% (180) 61.6% (295) 0.0% (0) 0.2% (1) 0.0% (0) 0.6% (3)
North Indian F 37.5% (48) 48.4% (62) 14.1% (18) 0.0% (0) 0.0% (0) 0.0% (0)
North Indian M 19.0% (64) 80.7% (272) 0.0% (0) 0.3% (1) 0.0% (0) 0.0% (0)
South Indian F 40.8% (31) 59.2% (45) 0.0% (0) 0.0% (0) 0.0% (0) 0.0% (0)
South Indian M 9.0% (45) 90.6% (454) 0.2% (1) 0.0% (0) 0.2% (1) 0.0% (0)

Principal Component Analysis

Given that some of the anatomical measures are highly inter-correlated,
we also performed a Principal Component Analysis (PCA) on them. The
first 13 PCs explain 90% of the variation, but there is a relatively steep
drop in the explained variance after the first 4 components: PC1 explains
16.9% of the variance, PC2 15.3%, PC3 13.8%, PC4 11.1%, and PC5
only 6.6%.

Inter-rater agreement
We estimated the agreement between the two raters using: (1) the percent

agreement (91.6% for [0] and 81.3% for [3]), (2) Cohen’s k (0.83 for [0]
and 0.64 for [3], both significantly different from 0), (3) Krippendorft’s
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a (0.83 for [8] and 0.63 for [0]), and (4) ICC (the intraclass correlation
coefficient with only the productions as random effects but not the raters;
0.83 with 95% confidence interval [0.82,0.84] for [0] and 0.63 with 95%
CI[0.60,0.65] for [3], both significantly different from 0). It is clear that
[6] has a much higher agreement than [0], but both show substantial
agreement (e.g., McHugh (2012) suggests 80% as the minimum for per-
cent agreement, and that Cohen’s « values higher than 0.6 as showing
moderate agreement and values above 0.8 as having strong agreement).
However, given that we used the checked scores in the actual analyses
(i.e., those of the second rater), these inter-rater agreements do not have
the usual interpretation, but should be taken rather as the degree of con-
sistency between the first pass coding and the final coding.

Fitting the IVs one by one

Fitting the IVs one by one suggests that while there is quite solid
evidence of anatomical influences on 6 (especially in what concerns
lowlA, jTotPC3, PC9 and PC10), for 0 the evidence is very circumstan-
tial; combining 0 and 0 suggests some anatomical effects (especially of
JLowPC3). Looking at the non-anatomical factors, sex (females are sig-
nificantly better), phonexp (has a positive effect) and group clearly affect
performance. For the latter, there seem to be no differences between
North vs South Indians, and between Dutch vs Chinese, but there are sig-
nificant differences between, on the one hand, Dutch and Chinese (better
performance) vs North (except not for d) and South Indians. Also, there
is a clear difference between the two sounds (6 has significantly better
performance than 0).

Model comparisons

Comparing the models with and without a/V’s, which test the overall con-
tribution of those /s capturing aspects of vocal tract anatomy, seems to
suggest that vocal tract anatomy contributes to predicting success, espe-
cially clearly for [6] and combined, but less convincing for [0], more so
when using the frequentist approach than when using the Bayesian
approach.

Model simplification

Please note that all the details about the model simplifications, including
the order of removing predictors and the reasons therefor, are given in the
ScottMoisik/DentalFricGit GitHub repository, particularly in the HTML
analysis report.

In the frequentist approach, for [8], several alVs predict success, in
particular m2Height, C.P2w and jLowPC3 (having a negative effect,
denoted henceforth as “—), and lowlA, sIMDepth and aRA (positive
effect or “+7); likewise, using the Principal Components, PC7 (-) and
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PC3 (+) help predict success; using both types of Vs, the conditional R?
> 85%. In contrast, for [0] the evidence is much weaker (but still concor-
dant with that for [0]): m2Height, C.P2w, jJLowPC3 and pRoofA (), with
a conditional R?> > 82%. Combining the two sounds finds m2Height (-)
and sIMDepth (+), and PC7 (-) and PC3 (+), with a conditional R* >
75%. Analyzing the four groups separately drastically reduces the power,
and we applied no multiple testing correction across the groups, so these
results should be taken as suggestive at best. For the Dutch, for both
sounds phonexp seems to have a positive effect, for the North Indians,
possibly engprof has a positive effect for [0], for the South Indians and
the Chinese, there are weak hints that vocal tract anatomy might affect
both sounds.

In the Bayesian approach, for [0], several alVs predict success, in
particular m2Height, C.P2w and jLowPC3 (), and lowlA and sIMDepth
(+); PC7, PC8 and PC10 () and PC5 (+). For [0] there is evidence for a
negative effect of m2Height; and positive for PC1/. Combining the two
sounds finds effects for C.P2w () and s/MDepth (+), and PCS8 (-), and
PC5 and PCI11I (+), respectively. Analyzing the four groups separately:
for the Dutch, for both sounds phonexp (+), and there are some hints of
effects of vocal tract anatomy; for [0], PC7 (), for [0], jLowPC2 (-), and
for the combined sounds, sIMDepth (+), jLowPC2 (=) and PC12 (-). For
the North Indians, for [6theta;], engprof, weight, PC11 and PC13 (+) and
pWid, m2Height, overjet, PC6, PC9 and PC10 (-); for [0], engprof,
weight, PC2 and sex (female) (+), and m2Height (—); when combining
the sounds, sex (female), phonexp and PC6 (+) and m2Height, PC7, PC8
and PC13 (). For the South Indians, there are some hints that vocal tract
anatomy affects both sounds. For the Chinese, for [0], pHLRat and ant-
PAreaR (—), and aRA, pRoofA, sex (female), engprof, PC5 and PC8 (+);
for [0], cWidth, PC8 and PC12 (+), and lowlA, aRHeight, antPArea, ant-
PAreaR and PC13 (-).

Power analysis

For both [0] and [0] we focused on the effects of C.P2w, which, in the
reduced models, has an effect § of about —1.0 in both cases. The observed
(post-hoc) power (for an a-level of 0.05) is 75.6% with a 95% CI (72.8%,
78.2%) for [6], and 41.9% (38.8%, 45.0%) for [d]. Changing the number
of participants (respecting the distribution by sex and group) suggests
that we would need about 85 participants to achieve a power 1-4 = 80%
and about 120 participants to achieve 90% for [0], but about 220 partici-
pants and about 350 participants, respectively, for [0].

DISCUSSION AND CONCLUSIONS
Our cross-linguistic analyses seem to confirm that the dental fricatives

are relatively rare among the present-day languages, being attested in
only about 10% of these, spread across all macroareas. Moreover, the

WORDS, BONES, GENES, TOOLS: DFG CENTER FOR ADVANCED STUDIES



Dental fricatives

majority of the languages that do contain dental fricatives in their phono-
logical inventory have only one dental fricative. Globally, there are
slightly more languages with voiceless than with voiced dental fricatives.
This present-day situation seems to not be very different from what can
be inferred about the past, with only about 11% of ancient and recon-
structed languages having such sounds in their inventory. Apparently,
dental fricatives are very rarely borrowed between languages, but this has
to be taken with a grain of salt given their overall rarity. When segments
are typologically very common, e.g., [m, k, i], or very rare, e.g., they
appear in only one or a few languages, they are less likely to be borrowed
because most languages already have the segment or because the seg-
ment is rarely in a contact situation to induce borrowing (Eisen 2019).
And if the results for two large language families that we could analyze
phylogenetically (Indo-European and Sino-Tibetan) are to be taken at
face value, then dental fricatives seem to emerge relatively seldom and to
disappear quickly. These findings seem to support Nichols (2017)’s sug-
gestion that these sounds are rare because they are ultimately prone to
replacement. However, it is interesting to note that dental fricatives do
occur, and have been retained in (at least in some of the dialects of) some
of the languages with very large numbers of speakers (and which enjoy
high prestige), including English, Castillian Spanish, and Standard
Arabic.

Switching now to their acquisition and patterns of substitution,
studies in both first (L1) and second (L2) language highlight that the
acquisition of dental fricatives is difficult. During L1 acquisition, dental
fricatives are often substituted for other speech sounds as they are diffi-
cult for children to articulate (Laitman et al. 2014). Difficulties in their
production and perception are well documented in L2 acquisition as well.
In particular, they are often substituted for other speech sounds: L2
speakers of English whose L1 inventory lacks these sounds, generally
face difficulties enunciating them properly in English. For these
speakers, dental fricatives are often realized as, or substituted with other
articulatorily or perceptually similar phonemes. The alveolar (or some-
times dental) stops [t, d] are by far the most common, followed by the
alveolar fricatives [s, z], and, occasionally, by the voiceless labiodental
fricative [f] (see Table 4). Note that this distribution of substitution pat-
terns roughly parallels the changes to dental fricatives that we see in vari-
eties of English, with stops being the most common replacement (Blevins
2006: 11) alongside the occasional appearance of labiodentals (as it
occurs finally in Singapore English, such as with being commonly real-
ized as [wif]; see Moorthy and Deterding 2000). However, despite exten-
sive research and a wide range of proposed explanations, the differential
substitution of dental fricatives is still not fully understood.

We briefly review below several existing theories concerning the dif-
ferential substitution of dental fricatives.

Orthographic influence. It has been suggested that orthography may
play a role (Brannen 2002; Paradis and LaCharité 2012). Although L1
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Table 4.

Commonly reported primary
substitutions of dental fric-
atives for speakers of various
L1s in word-initial position.
Presence of the diacritic [']
indicates that aspiration is
used, and [~] indicates that the
place of articulation is dental.

L1
Dutch

Mandarin Chinese

Cantonese

Indo-Aryan (Hindi, Urdu, etc.)

Dravidian (Tamil, Kannada, etc.)

Standard German

Swiss German

Quebec French

European French

Japanese

Russian
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English speakers may produce a dental fricative almost intuitively when
they see the (th) digraph, this may not necessarily be the case for
speakers of other L1s. For example, (th) normally represents the alveolar
stop /t/ in French (e.g., bibliothéque “library” /bi.bli.jo. tek/), and simi-
larly for Dutch (e.g., thema “theme” /'te.ma/). Accordingly, L1 speakers
of these languages may have a tendency to realize the (th) digraph in
English as [t] as well (Brannen 2002; Wester et al. 2007). One objection
to this proposal is that the voiced English dental fricative is also repre-
sented by the same digraph (th), and yet /0/ is hardly ever substituted
with [t] (see Table 4), and this proposal is even less applicable to speakers
whose L1 does not use the (th) digraph, such as Japanese and Russian.
Perception-based second language (L2) theories. General models
of L2 speech acquisition, such as the Perceptual Assimilation Model
(PAM; (Best 1994)), and the Speech Learning Model (SLM; Flege 1995),

Primary substitution(s) References

[6] — [t] Wester, Gilbers, and Lowie (2007)
[0] — [d] Hanulikova and Weber (2010)
(6] — [s] Deterding (2006)

[0] — [d]/ [Z] Rau, Chang, and Tarone (2009)
[0] — [f] Bolton and Kwok (1990)

[0] — [d] Deterding, Wong, and Kirkpatrick (2008)
(6] — [T/ [¢1] Shackle (2001)

(6] — [d] Syed (2013)

(6] —[t] /[t Bhatt (1995)

[0] — [d] Narasimhan (2001)

[0] — [s] Hanulikova & Weber (2010)
[0] — [z] Swan (2001)

[0] — [f] Graeppi and Leemann (2019)
[0] — [d] Graeppi and Leemann (2019)
[0] — [t] Gatbonton (1978)

[0] — [d] morrison_dat_2005

(6] — [s] Picard (2002)

[6] — [z] Brannen (2002)

[6] — [s] Thompson (2001)

[0] — [2] Brannen (2002)

(0] — [s] Teasdale (1997)

[0] — [z] Monk and Burak (2001)
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posit that “L2 phonetic segments can only be produced as accurately as
they are perceived” (Flege 2003), emphasizing the correlation between
perception and production. The SLM, for example, classifies L2 sounds
into 3 categories: “new,” “similar,” and “identical,” with “similar”
sounds being the most problematic: if learners fail to discriminate
between the L2 sound from the “similar” L1 sound, they will merge the
two sounds into the same phonemic category (termed “equivalence clas-
sification” (Flege 1986)), and produce them as such. Although these
theories have some empirical basis (Aoyama et al. 2004; Best, McRob-
erts, and Goodell 2001; Flege 1986), most notably in the case of the /t/-/1/
merger in Japanese, other studies have identified an asymmetry between
perception and production in the case of dental fricatives. For instance,
high rates of accuracy in discrimination tasks did not necessarily equate
to matching rates of accurate production (Reis 2006; Syed 2013): even
when perceptual errors were made, these did not correspond with produc-
tion errors. Broadly speaking, the labiodental fricative /f/ has been found
to cause the greatest perceptual confusion with the voiceless dental fric-
ative /0/ due to their acoustic similarities (Brannen 2002; Cutler et al.
2004; Reis 2006), and thus, these two sounds should have been catego-
rized as the same phoneme according to the SLM, but, as discussed by
Hanulikova and Weber (2010), [f] is not the most common substitution
among L2 English speakers, not even when /f/ exists in their L1 phoneme
inventory.

Phonological approaches. There are several phonological accounts
within various theoretical frameworks, including the Feature Competi-
tion Model (Hancin-Bhatt, 1994), the Underspecification Theory (Wein-
berger 1997), and the Auditory Distance Model (Brannen 2011), to name
a few. These theories are largely generative in nature, and mainly revolve
around the saliency or markedness of abstract phonological features. For
example, under the Feature Competition Model, Hancin-Bhatt (1994)
identified that the feature [+continuant] marks a significant number of
contrasts in German and, thus, the relative prominence of this feature is
calculated to be high. Consequently, speakers of German will pay par-
ticular attention to the feature [+continuant] in their perception of the
English dental fricative, causing them to map it with their fricative [s]
([+continuant]), instead of [t] ([-continuant]). The problem with most of
these theories is that they are multi-layered and fairly convoluted, involv-
ing complicated algorithms to determine feature prominence, functional
load, auditory distance, etc. Despite this complexity, these algorithms are
not widely generalizable, i.e., they work for the languages under scrutiny,
but not others, which are often brushed off as shortcomings. Additionally,
Picard (2002) states that one difficulty with such theories is that they
often constitute an “all-or-nothing proposition,” which is problematic, as
there is evidence that while certain substitutions are predominant, these
substitutions are almost never exclusive (Hanulikova and Weber 2010;
Rau et al. 2009; Wester et al. 2007). They also fail to account for
instances where the substitution of English dental fricatives is contex-
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tually variable, i.e., different substitutions are used depending on syllable
position (Wester et al. 2007).

Phonetic approaches. Research on the differential substitution of
dental fricatives was, and remains, dominated by phonological theories,
on the ostensible premise that phonetics cannot successfully predict the
substitutions, even though it has been acknowledged that the problem
itself is phonetic in nature (Altenberg and Vago 1983). While research
undertaking a more phonetic-based approach is still scarce, there are a
handful of studies that have diverged from the phonological viewpoint.
One phonetic-based insight on the issue was put forth by Teasdale
(1997), where it was hypothesized that a speaker will “choose” to substi-
tute his dental fricatives with fricatives or stops depending on his tongue
position in the production of the phoneme /s/. It was predicted that a
speaker of a language using a dental [s] will tend to substitute their dental
fricatives with [s] in English, whereas a speaker of a language using an
alveolar [s] will substitute it with [t]. Using noise cut-off as a basis for
inferring place of articulation, it was found that European French (EF),
an [s] substituting language, did indeed have a more dental [s] with a cut-
off at 5.6 kHz. On the other hand, Quebec French (QF), a [t] substituting
language, possessed a more alveolar [s], with a considerably lower cut-
off point at 4.3 kHz. The main strength of this approach is that it seems to
be able to account for the classic dilemma that phonological approaches
could not: the differential substitution of EF versus QF, two similar lan-
guage varieties with near-identical underlying language inventories, and
yet substituting dental fricatives differently. Although Teasdale’s (1997)
approach has been hailed as being “much more promising” than earlier
phonological approaches (Picard 2002), it is not without limitations. For
example, within her own study, the hypothesis was not upheld for Japa-
nese and Russian, and noise cut-off was not always a reliable indicator of
place of articulation. Additionally, the hypothesis did not yet include lan-
guages that substitute dental fricatives with [f], such as Cantonese (Bol-
ton and Kwok 1990).

Clearly, there appears to be no simple, straightforward answer to the
question of dental fricative differential substitution in L2 speakers. Other
potential confounding factors also exist, including phonetic (neighboring
sounds) and stylistic (level of formality) constraints (Dickerson and
Dickerson 1977), as well as age of L2 acquisition (Cornwell and Rafat
2017) and L2 proficiency (Reis 2006), that are not discussed here due to
their scarcity in the literature. Therefore, the substitution of dental fric-
ative is probably due to a combination of multiple factors, some of which
might still not be studied well enough to quantify their influence: this is
why we have investigated here the potential influence of details of vocal
tract anatomy on inter-individual variation. This latter point is not as
unexpected as it might look at first sight (Dediu, Janssen, and Moisik
2017): the articulators are usually idealized and thought of being essen-
tially uniform across our species, even though, like anything else biolog-
ical, there is extensive, normal (non-clinical) variation in nearly any
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aspect of the vocal tract, on an inter-individual level, and possibly even
on an inter-population level. Variation in the morphology of the vocal
tract can have a nuanced but appreciable impact on speech production, as
several empirical studies have shown. Brunner, Fuchs, and Perrier
(2009), in their study on the effect of different palate shapes on acoustic
and articulatory variability, observed that speakers with flat palates had
to greatly limit their articulatory variability to counteract the natural arti-
culo-acoustic influence of palate flattening, so as to sustain the same
acoustic variability as speakers with dome-shaped palates. These results
demonstrate that, in order to preserve the acoustic correlates of the per-
ception of certain sounds, speakers “specifically adapt their articulatory
variability to their morphology” (Brunner et al. 2009). In another study,
Moisik and Dediu (2017) set out to investigate whether the lack of a
prominent alveolar ridge, which occurs more frequently among speakers
of Khoisan-type languages, aids in the production of clicks. Their results
indicate that having a smooth palate may provide an articulatory “bias” in
the form of decreased articulatory effort and improved volume change
characteristics, as compared to having a larger alveolar ridge. More
recently, Dediu and Moisik (2019) also showed that the use of either “ret-
roflexed” or “bunched” strategies by ESL speakers in producing the
North American English /1/ reflects differences in bracing based on vari-
ation in the underlying anterior vocal tract anatomy, with narrower pal-
ates favoring a “bunched” configuration; although their results are
largely preliminary, they do suggest an effect of anatomy. Blasi et al.
(2019), building on an earlier suggestion by Hockett (1985), show that
the type of “edge-to-edge” bite more frequent among populations prac-
ticing hunting and gathering (as opposed to overjet and overbite, more
frequent among populations practicing agriculture) generate a negative
bias against labiodental sounds (such as /f/ and /v/). While this anatomi-
cal difference is acquired during the lifespan and ultimately due to over-
all differences in food consistency between the two types of diets, it does
suggest that details of vocal tract anatomy affect large scale cross-lin-
guistic variation. Taken together, these studies illustrate that anatomical
factors can influence speech production, whether in terms of ease of pro-
duction, articulatory strategies required, or otherwise. Therefore, it is not
entirely inconceivable that there could be some physical influence on the
production and substitution of dental fricatives as well, considering that
extreme precision is required in the production of fricatives, so much so
that even “a variation of one millimeter in the position of the target [...]
makes a great deal of difference” (Ladefoged and Maddieson 1996).
Our data presented here seem to support such a view. Firstly, we
noticed that most participants could produce dental fricatives, albeit with
varying degrees of accuracy. This has two main implications: (1) their
ability to produce dental fricatives underscores that it is very unlikely that
the problem is purely perceptual in nature, which undermines several
perceptual theories on the matter (Best 1994; Flege 1995); and (2) dental
fricative production is often not “all-or-nothing”: less than half of our
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participants produce them 100% or 0% of the time, while everyone else
falls in between. This is generally not taken into account by many exist-
ing theories and is probably true in many other cases than the dental fric-
atives as well. It is therefore more realistic to undertake a probabilistic
approach, like in the present study.

Secondly, we observed a fair amount of intra-speaker variation with
regards to the substitutions used, that is, most speakers do not use only
one type of substitution (at least for /8/), consistent with earlier descrip-
tive studies (Hanulikova and Weber 2010; Wester et al. 2007). We note
that this is especially true for speakers that primarily use [s] substitutions:
it is usually accompanied by [t] substitutions. This makes it tricky for
theories that try to predict the substitutions used, as the typical working
assumption for these theories is that L2 English speakers use only one
type of substitution exclusively.

Third, we also observed an overwhelming tendency for alveolar sub-
stitutions across all speakers, i.e., /0/ being realized as [t] or [s], /0/ being
realized as [d] or [z]. As mentioned previously, this is peculiar, as /t/ and
/s/, unlike /f/, are not known to cause much perceptual confusion with /6/.
A possible reason for this tendency will be discussed below.

Fourth, there is a clear difference between the two sounds, with /6/
having a higher success rate than /d/ and being more convincingly
influenced by vocal tract anatomy.

Fifth, the control variables (i.e., that do not capture the vocal tract
anatomy) play an important role in explaining articulatory success. When
considering each predictor individually, females (sex) are significantly
better, and more experience with phonetics (phonexp) helps. When it
comes to the four groups, for /8/ there seems to be a partition between
(Dutch + Chinese) vs (North + South Indians), while for /0/ the partition
is less clear. However, model simplification suggests that while phonetic
experience maintains its positive effect above and beyond other covari-
ates for both sounds and in all analyses, the effect of sex (females are
better) is reliably found only in the Bayesian analyses (interestingly, Eng-
lish proficiency, engprof, seems to have a positive effect in the frequen-
tist models).

Finally, the variables that capture the vocal tract anatomy seem to
have an effect on /6/ but much less convincingly on /0/. For /6/, the
frequentist and Bayesian analyses tend to agree in finding effects of
m2Height (-), C.P2w (=), jJLowPC3 (-), lowlA (+) and sIMDepth (+),
and, when using the Principal Components, of PC7 (-). For /0/, both
analyses suggest an effect of m2Height (—). Combining the two sounds
finds across both analyses an effect of s/MDepth (+) and possibly of
m2Height () or C.P2w (-). Thus, overall, it seems that m2Height has a
negative influence on success for both sounds, while s/MDepth seems to
have a positive effect on /6/.

Although these specific anatomical variables should not be taken too
literally in light of the limitations of model simplification and the correla-
tions between the variables (in some cases probably due to developmen-
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tal coupling and ontogenetic links), they do provide evidence to support a
general conclusion that details of the anatomy of the anterior oral vocal
tract (see Figures 9 and 10) may indeed have an impact on (particularly
voiceless) dental fricative production. Such a conclusion that anatomy
impacts production seems reasonable, taking into consideration that the
anterior teeth play an integral part of the articulatory system and in
speech production in general, particularly so in the production of dental
fricatives. For instance, Narayanan, Alwan, and Haker (1995) observed
that the tongue tip/blade is more or less always in contact with the lower
incisors across all speakers during the production of dental fricatives.
This persistent contact with the lower incisors may indicate bracing of
some kind (Gick, Allen, Roewer-Després, and Stavness 2017), and it
could be that having less vertical incisors may affect this “mechanical
support” and, consequently, impact the successful production of a dental
fricative. A labial angulation of the upper incisors, too, has been found to
adversely affect the production of fricatives (Runte et al. 2001).

Should these anatomical variables hold under replication, we further
propose a possible mechanistic explanation for the tendency to use alveo-
lar substitutions, relating to the length and/or forwardness of the lower
jaw (sIMDepth). The left image of Figure 10 shows an “ideal” anterior
vocal tract configuration, from which dental fricatives can be produced
relatively effortlessly with the tongue tip/blade close behind the upper

M2P M2P

BTP BTP
LRP LRP
Fig. 9.

Two drawings depicting varying angles of the lower incisor angle (/ow/A). This measures
the angle (in degrees) formed by the line from LE (incisal edge of the lower incisors) to LR
(inferior midsagittal alveolar ridge inflection point) and LRP (a plane containing LR, parallel
to the bite plane, BTP): a larger angle (right) indicates more vertical lower incisors. As the
angle becomes smaller, there is greater labial tipping of the lower incisor; as the angle
becomes larger, the incisors become more vertically oriented. The /ow/A variable corre-
lates moderately with palate length variables (pLen, pmLen, aRDepth, jTotPCI). It is also
somewhat correlated with alveolar ridge angle (aRA) and upper incisor angle (upperlA),
such that more vertical lower incisors tend to come with a “bulgier” alveolar ridge (promi-
nence) and more vertical upper incisors. We might speculate here that there may be
developmental coupling (or perhaps an ontogenetic link) between lower incisor angulation
and oral cavity length linking these variables together.
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Fig. 10.

Two drawings depicting vary-
ing distances of the sublingual
margin depth (sIMDepth). This
measures the distance (in mm)
between LR (inferior midsagit-
tal alveolar ridge inflection
point) and its projection on
M2P (paired landmark for the
central point of the occlusal
surface of the second molar): a
larger distance (left) indicates
a longer mandible. The blue
dashed lines represent the
tongue, and the red dashed
lines show how the tongue
may be biased towards an
alveolar place of articulation to
produce an alveolar stop.
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M2P M2P

BTP BTP

incisors. By contrast, a slightly more retracted/shorter lower jaw (right
image) may “bias” towards a more posterior place of articulation, from
dental to alveolar. Additionally, it is also possible that the lower incisors
do not provide enough clearance for the production of dental fricatives
(with a dental place of articulation), biasing towards an alveolar stop pro-
duction.

Interestingly, Dediu et al. (2019) show, using Canonical Variate Anal-
ysis (CVA) and Procrustes ANOVA with permutation on a superset of the
same data used here, that the anatomy of the anterior vocal tract does
vary between sexes and broad ethno-linguistic groups. Importantly,
however, this variation is continuous and small, there are lots of overlaps
and many “miss-classified” participants, and it only becomes apparent
when using highly multivariate datasets.

In sum, dental fricatives are rare due to a variety of factors. They are
difficult to produce in both L1 and L2 acquisition. They are difficult to
perceive in L2 and in borrowing situations due to their easily confusable
acoustic properties. Despite the assumption that they should be the com-
mon result of lenition, very few attested sound changes result in dental
fricatives (Kiimmel 2007). They are lost frequently and typically merge
with other phonemes (Kiimmel 2007). Their world-wide synchronic dis-
tribution suggests that although they may arise relatively easily (e.g., /68/
spontaneously replaced /s/ in Spanish in the middle of the 17th century
(Penny 2002); although more recent research suggests that the dental
fricatives came into existence in the 1500s (Mackenzie 2022)), they are
unstable and tend to either be not fully phonologized or quickly lost (e.g.,
they did not spread to Spanish varieties in the Americas). This suggests
that their phonetic properties play a role in their instability and in why
they pattern sporadically geographically and genealogically. As pointed
out above, dental fricatives are easily confused with other sounds, par-
ticularly non-sibilant labiodental fricatives [f, v] and alveolar or dental
stops [t, d]. They are rarely borrowed correctly (Grossman et al. 2020)
and pidgins and creoles almost never inherit them from their lexifiers
(Michaelis et al. 2013). Finally, our data suggests that tiny, continuous
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and overlapping patterns of variation in the anatomy of the anterior oral
vocal tract (Dediu et al. 2019; Dediu and Moisik 2019) may help explain
their instability and geographic patterning, but it would represent only
one weak influence among many others and much more evidence is
needed before drawing causal conclusions of this nature (Blasi et al.
2019; Dediu et al. 2017; Josserand et al. 2021; Moisik and Dediu 2017).
Thus, dental fricatives are rare speech sounds for a multitude of reasons
touching upon their articulation, acoustics and confusability with other
speech sounds.
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APPENDIX: LANDMARKS AND ANATOMICAL MEASURES

Here we present the landmarks and anatomical measures used in this
study.*

Landmarks:
TS = point on the palate roof near the transverse suture and

corresponding to the plane containing the second molar
landmarks and orthogonal to BTP;

PH = peak height of the palate roof;

UR = superior (maxillary) midsagittal alveolar ridge inflection
point;

LR = inferior (mandibular) midsagittal alveolar ridge inflection
point;

UM = lingual gingival margin of the upper (maxillary) incisors;

UE = incisal edge of the upper (maxillary) incisors;

LE = incisal edge of the lower (mandibular) incisors;

M2 = paired landmark for the central point of the occlusal surface
of the second molar (or closest approximation if molar is
missing).

Conventions: the bite plane (BTP) was established with reference to
the second molars in occlusal position and the central incisors judging
from their sagittal profile. Where mentioned, a regression line refers to
the line of best fit between the z-components (front-back; anterior-poste-
rior) and y-components (up-down; superior-inferior) of 3D intraoral scan
vertices drawn from within 0.5 mm on either side of the midsagittal
plane. Some measurements are defined with reference to projections of a
landmark onto a given plane. In addition to BTP, there is also the peak
height plane (PHP), which refers to the horizontal plane tangent to PH
and the coronal plane intersecting the second molar landmarks (M2P).

*  Please also see Dediu et al. (2019) and the supplementary materials of (Dediu
and Moisik 2019) freely available at doi:10.5281/zenodo.1481941) for more
details.
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Anatomical measures:

Name (and ID)
palateHeight (pHeight)

palateWidth (pWid)

palateLength (pLen)

palateWidthToHeightRatio (p\WHRat)

palateHeightToLengthRatio (pHLRat)

heightCanines (cHeight)

widthCanines (cWidth)
heightPM2 (pm2Height)

widthPM2 (pm2Width)

lengthPM2 (pm2Length)

heightM2 (m2Height)
widthM2 (m2Width)
Ratio cWidth / pm2Width (c.P2w)

Ratio cWidth / m2Width (c.M2w)

Ratio cLength / pm2Length (c.P2l)

overjet (overjet)

overbite (overbite)
lowerIncisorAngle (lowlA)
upperincisorAngle (uplA)

alveolarRidgeHeight (aRHeight)

alveolarRidgeDepth (aRDepth)
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[This and the next 2 measures describe the hard palate’s linear dimensions]
Distance (mm) between PH and its projection on BTP: larger means higher palate

Distance (mm) between the intersections of the lingual surfaces of the second
molars with the line formed by the M2 landmarks: larger means wider palate

Distance (mm) between UM and its projection on M2P: larger means longer palate
pWid / pHeight: larger means wider and flatter palate

pHeight/ pLen: larger means higher and shorter palate

Height (mm) of the hard palate at the midpoint of the segment connecting the two
upper canines: smaller means a bigger alveolar ridge, but this depends also on the
overall shape of the jaws

Width (mm) at the same point as cHeight: larger means a wider front hard palate

Height (mm) of the hard palate at the midpoint of the segment connecting the two
upper second pre-molars: larger means a taller hard palate

Width (mm) at the same point as pm2Height: larger means a wider hard palate

Length (mm) of the hard palate from the midpoint of the segment connecting the
two upper second pre-molars to the lingual gingival margin of the maxillary central
incisors.

Height (mm) of the hard palate at the midpoint of the segment connecting the two
upper second molars: larger means a higher hard palate

Width (mm) at the same point as m2Height: larger means a wider hard palate

A continuous measure of “V” (closer to 0) vs “U” (closer to 1) shape of the maxil-
lary dental arch

A continuous measure of “V” (closer to 0) vs “U” (closer to 1) shape of the maxil-
lary dental arch

A continuous measure of the ratio of palate lengths using the cLength and
pm2Length variables, which were excluded during pre-thinning to manage multi-
collinearity; each takes the length between their respective reference points
(canines and second pre-molars) and the central maxillary incisors (point UM)

Horizontal distance between the incisal edges of the upper and lower incisors:
larger tends to be associated with longer upper than lower jaws

Vertical distance between the incisal edges of the upper and lower incisors: larger
means lower incisors overlap behind the upper with the jaw in occlusal position

Angle (degrees) of the lower incisors (regression line from LE to LR): larger means
more vertical lower incisors

Angle (degrees) formed by the posterior surface of the upper incisors (regression
line from UE to UM) and BTP: bigger means more vertical upper incisors

[This and the following describe the alveolar ridge’s linear dimensions] Distance
(mm) between UR and its projection on PHP: larger means a bigger alveolar ridge

Distance (mm) between UR and its projection on M2P: larger means a longer palate
as gauged at the alveolar ridge point

cont. —
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Name (and ID) Definition

Distance (mm) between LR and its projection on PHP: larger means higher sublin-

sublingualMarginHeight (sIMHeight) gual mandibular ridge and a tighter anterior mouth space

Distance (mm) between LR and its projection on M2P: larger means longer man-
dible

[This and the following describe the anterior palate area] The area defined by BTP,
a straight line rising to PH, the line from PH to UM, and a straight line from UM to
BTP: larger means a more domed and expansive anterior hard palate in absolute
terms

sublingualMarginDepth (sIMDepth)

anteriorPalateArea (antPArea)

[See immediately above] Ratio formed with reference to rectangular area corre-
anteriorPalateAreaToRectangleRatio | sponding to the landmarks defining the anterior palate area: larger means a more
(antPAreaR) domed palate with a steep alveolar ridge and palate transition and a more posterior

PH location in relative terms

The area defined by LRP, the straight line formed between UR and its projection on
LRP, the line from UR to UE, and the projection of UE on LRP minus the area formed
by the line from LR to LE, the straight line from LE to LRP, and the line formed by the
intersection of this previous segment to LR: larger means a bigger space under the
alveolar ridge for the tongue tip in absolute terms but factoring the presence of the
lower teeth in occlusal position

availableTongueTipArea (ttAvailA)

Angle (degrees) between BTP and the alveolar ridge (regression line from UM to

alveolarRidgeAngle {aRA) UR): smaller means a more prominent alveolar ridge (bigger shelf)

Angle (degrees) between BTP and the post-alveolar slope (regression line from UR

palateTransitionAngle (pTransA) to PH): larger means a more abruptly rising front palate

Angle (degrees) of posterior palate defined between the palate roof (regression

palateRoofAngle (pRoofA) line from TS to PH) and BTP: larger means a more domed palate

[This and the next 2 measures are obtained from PCA on the entire intraoral scan
(upper and lower jaws)] First principal component for lower and upper jaws
(explained variance = 17.6%). Notable positive correlations with pLen, aRDepth,
sIMDepth, and pm2Width (and weakly positive with jLowPC2). Larger values have
greater antero-posterior scaling and more anterior upper relative to lower jaw
positioning

jawTotalPC1 (jTotPC1)

Second principal component for lower and upper jaws (explained variance =
11.8%). Notable positive correlations with jLowPC2, uplA, aRDepth, overbite; neg-

jawTotalPC2 (jTotPC2) ative correlations with ttAvailA and width variables (¢Width, pm2Width, and
m2Width). Larger values correspond with overall smaller jaws (in all dimensions)
but also greater overbite and overjet

Third principal component for lower and upper jaws (explained variance = 6.2%).
Notable positive correlations with sIMDepth and pRoofA; negatively correlated
with pWid, pWHRat, overbite, and especially jLowPC3. Larger values have taller
dentition, with more labially-tipped (less vertical) lower and upper incisors

jawTotalPC3 (jTotPC3)

[This and the next measure are obtained from PCA on the lower jaw portion of the
intraoral scan] Second principal component for lower jaw (explained variance =
10.1%). Notable positive correlations with aRDepth and especially jTotPC2; neg-

jawLowerPC2 (jLowPC2) ative correlations with ttAvailA and pWHRat. Larger values indicate shorter,
smaller, and more narrow (‘U-shaped’) lower jaws with greater overjet and over-
bite. Smaller values appear to approach zero overjet and overbite
Third principal component for lower jaw (explained variance = 7.5%). Notable posi-
jawLowerPC3 (jLowPC3) tive correlations with pWid; negative correlations with especially jTotPC3. Larger

values show more labially oriented lower dentition with considerably less overbite
and overjet
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Other variables:

Name (and ID)

Unique identifier (ID)

English.proficiency (engprof)

phoneticExperience (phonexp)
age (age)
height (height)

weight (weight)

Dediu, Lin, Moisik, Moran

Definition
The (anonymized) unique participant identifier

Self-declared level of formal English proficiency
on a 11-step Likert scale from “none” to “native
speaker”

Self-declared level of formal phonetic training
on a 5-point Likert scale from “none” to “expert”
Participant’s self-declared age at time of study
Participant’s self-declared height (meters) at
time of study

Participant’s self-declared weight (kilograms) at
time of study
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