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a b s t r a c t

This study presents articulometry and palatography data for Arrernte, a language of Central Australia. It examines

the contrast between the apical consonants – alveolar versus retroflex – according to lexical stress. Stop, nasal

and lateral consonants are treated separately. Results show that the most prototypical retroflex articulation –
where the tongue tip is retracted for post-alveolar closure and eventually released at a more anterior location –
occurs after a stressed vowel. By contrast, a prototypical alveolar articulation – with closure and release at the

same (anterior) region along the palate – is more likely to occur before a stressed vowel. In addition, it is shown

that the contrast between alveolars and retroflexes varies by manner of articulation, being clearest for the nasal

manner. It is suggested that the low jaw position which is an inherent property of nasal articulations facilitates

retraction of the tongue tip for retroflexion, and that nasalization of adjacent vowels may motivate an exaggeration

of the alveolar-retroflex contrast. For laterals, however, the alveolar~retroflex contrast is not so clear, and it is sug-

gested that the articulatory requirements for lateral airflow may compromise full retraction of the tongue tip.

Typological implications of these results are discussed, as is the possibility that CV versus VC (i.e. alveolar versus

retroflex) cues to place of articulation are best encoded within a stressed vowel.

Crown Copyright � 2019 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Arrernte is a language of Central Australia, with a particu-
larly rich set of coronal consonant contrasts (Henderson,
2013; Henderson & Dobson, 1994; Wilkins, 1989; Green,
1994; Anderson, 2000; Breen & Dobson, 2005). The current
paper focuses on the apical contrast in Arrernte, between a
phonemically alveolar place of articulation, and a phonemically
retroflex place of articulation. The contrast exists for the stop,
nasal and lateral manners of articulation:

Coronal consonants in Arrernte – the apical consonants
examined in this study are highlighted.

Some minimal pairs are shown below (the stressed vowel is
in bold, and the word-final non-contrastive schwa is in paren-
theses):
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In the present study, the focus is on how the apical contrast is
realized in lexically stressed versus unstressed syllables, with
a particular consideration for all three manners of articulation.
Australian languages are well-known for the alveolar versus
retroflex contrast (Evans, 1995), although contrasts between
a dental/alveolar and a retroflex also exist in South Asian lan-
guages.1 Typologically, the UPSID database of 451 languages
reports 40 languages with retroflex stops, and only 24 lan-
guages with retroflex nasals and 27 languages with retroflex lat-
erals. It is thus clear that retroflex nasals and laterals are much
rarer than retroflex stops.

By contrast, there are 201 languages containing alveolar
stops, 202 containing alveolar nasals, and 174 containing alve-
olar laterals (in addition, UPSID lists languages where the con-
sonant is not specified as being alveolar or dental: there are
163 languages with dental/alveolar stops, 160 with dental/alve-
olar nasals, and 136 with dental/alveolar laterals). It is thus
clear that retroflex stops, nasals and laterals are rarer than
dental or alveolar stops, nasals and laterals. The relative rarity
of retroflex nasals and laterals at least in part reflects the rela-
tive rarity of retroflex stops, since there is a very strong ten-
dency for number of nasal places of articulation in a
language to be equal to or less than the number of stop places
of articulation in a language (Maddieson, 1984, Ladefoged &
Maddieson, 1996).

In the following section, we outline previous work which has
suggested that the contrast between alveolars and retroflexes
in Arrernte may be mediated by lexical stress, and we also
consider the importance of CV and VC sequences in the alve-
olar~retroflex contrast. This is followed by a consideration of
how articulations for a given place of articulation may differ
according to manner of articulation – for example, given that
nasal consonants involve a lowering of the velum, are there
any consequences for the main supra-laryngeal constriction
as a result of this lowering? We then provide a brief overview
of Arrernte phonology, before outlining how the two types of
articulatory data presented here (articulometry and electro-
palatography) can elucidate the nature of these particular api-
cal contrasts.

2. Background to the current study

Much evidence has accumulated over recent years on the
supra-laryngeal encoding of prosodic prominence (e.g.
Fougeron & Keating, 1997, Cho, 2005; see Fletcher, 2010
for an extensive review, and also Keating, 2006). There is
believed to be a cross-linguistic tendency for prosodic factors
such as lexical stress to influence the realization of phonemic
contrasts. In general, segments are deemed to be strength-
ened in prosodically prominent positions, and this may be con-
sidered a form of localized hyperarticulation (de Jong, 1995) or
featural enhancement (see Fletcher, 2010 for a review). For
instance, lingual consonants are found to have more lingual
contact in prosodically prominent positions (thereby reinforcing
their consonantality), while low vowels are found to be lower in
the same positions of prominence.

When considering featural enhancement, it is normally
assumed that the more prototypical articulation occurs in
prosodically strong position, such as in the lexically stressed
syllable (Fletcher, 2010). In phonological terms, such localized
hyperarticulation or featural enhancement is translated into
positional faithfulness, where underlying phonological content
is more likely to be preserved in strong positions, such as
stressed syllables or root-initial syllables (Smith, 2004;
Beckman, 2013). For instance, in many languages such as
Russian, the full set of vowel contrasts only occurs in stressed
syllables, with only a subset of vowels being found in
unstressed syllables (Padgett & Tabain, 2005 – c.f. also
Newton, 1972 for Greek vowels; and DiCanio, 2008 for Triqui
languages, where permissible consonant and tone inventories
vary greatly according to stress).

In an earlier EPG (electro-palatography) study of the apical
contrast in a consonant harmony context, Tabain (2009a)
showed that the retroflex following a stressed vowel was the
most prototypically retroflex articulation, involving an initial api-
cal contact in the pre-palatal or post-alveolar region, followed
by a ballistic forward movement of the tongue with eventual
release at the alveolar region (see also Butcher, 1995,
Henderson, 2013, Anderson, 2000). This alveolar release
likely explains why the retroflex stop burst is usually indistin-
guishable from the alveolar stop burst (c.f. Hamann, 2003),
since at the right edge of the consonant the two sounds may
be acoustically very similar. Indeed, in an acoustic study of
stop bursts, Tabain, Breen, Butcher, Jukes, and Beare (2016)
showed that the alveolar stop burst in Arrernte has a higher
spectral centre of gravity preceding a stressed (central) vowel
than preceding an unstressed vowel, with the spectral centre

Stop Nasal Lateral

Stressed alveolar ateme
atəm(ə)

split or burst open aneke
anək(ə)

stayed, sat alepe
aləp(ə)

firestick

retroflex arteme
aʈəm(ə)

build, cover arneke
aɳək(ə)

for a stick arlepe
aɭəp(ə)

acacia bush

Unstressed alveolar kwete
kwət(ə)

still kwene
kwən(ə)

inside apele
apəl(ə)

but

retroflex kwerte
kwəʈ(ə)

smoke kwerne
kwəɳ(ə)

put it in aperle
apəɭ(ə)

father's mother

1 Based on a review of 200+ languages, Arsenault (2017) reports that 75% of South
Asian languages contain retroflex obstruents (stops and fricatives), 35% contain retroflex
nasals, and 20% contain retroflex laterals (this is compared to 16%, 5% and 6%
respectively for languages world-wide). A dental/alveolar vs. retroflex contrast is also found
in many Sino-Tibetan languages, including for instance Mandarin Chinese and Tibetan.
While there is no apical contrast among the sonorants in these languages, the affricates
and fricatives do show this contrast.
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of gravity being slightly lower for retroflexes than for
unstressed alveolars (c.f. Tabain, 2012). This suggests that
alveolars preceding a stressed vowel have a more forward
point of articulatory release, which may be seen as a form of
articulatory strengthening.

However, the Tabain (2009a) study focused on the apical
contrast in a very specific phonological context, namely in
the sequence involving two apical consonants separated only
by schwa. In this particular phonological context, the second
apical must be retroflex, not alveolar. Thus, sequences such
as /anəɳ(ə)/ and /aɳəɳ(ə)/ are phonologically possible, but
*/anən(ə)/ and */aɳən(ə)/ are not, since the second apical in
these last two sequences is phonemically alveolar (lexically
stressed vowels are in bold). Tabain (2009a) documented
great variability in apical production in these sequences,
including variability within three repetitions of the same lexical
items. Such variability was even observed in the case of min-
imal pairs, for instance in ateke /atək(ə)/ ‘burst’ versus arteke
/aʈək(ə)/ ‘built’. Variability was observed in the point of initial
contact along the EPG palate, and also in whether or not there
was a forward movement of the tongue along the palate during
closure. A contact pattern which involved both closure and
release at a similar location was labelled a “plateau” articula-
tion, since the EPG Centre of Gravity profile over time showed
a plateau, as opposed to a rise as the centre of gravity
increased over time (reflecting a forward movement of the clo-
sure for a prototypical retroflex articulation). However, this pla-
teau articulation was seen to occur not only at an alveolar point
of contact, but also further back along the palate, at a post-
alveolar point of contact. Variability overall was quite high for
the phonologically alveolar consonants, and also for the retro-
flexes preceding a stressed vowel. Only the retroflex following
a stressed vowel (i.e. a retroflex preceding an unstressed
vowel) was consistently “retroflex” in its articulation. The
slightly more retracted articulation of the (first) alveolar in this
phonological context can therefore be interpreted as a
gesture-spreading, with the following retroflex inducing a more
post-alveolar realization for the phonologically alveolar conso-
nant. However, this first alveolar sometimes showed evidence
of forward movement of the tongue during closure: such an
articulatory pattern cannot so easily be explained as anticipa-
tory coarticulation, since a forward movement of the tongue
tip takes it further from the point of contact for the upcoming
retroflex. It is therefore clear that the relationship between alve-
olars and retroflexes in Arrernte is not straight-forward.

It is important to note at this point that retroflex consonants
are unusual compared to other places of articulation, since the
primary cue to their place of articulation lies not in the following
formant transition, but in the preceding formant transition
(Ladefoged & Maddieson, 1996). Retroflex is inherently a
dynamic articulation, with closure at one location, typically
post-alveolar or pre-palatal; and release at another location,
typically alveolar (note however that this observation applies
to the stops, nasals and laterals studied here, but not to the ret-
roflex fricatives and affricates found in other languages). Dur-
ing the closure, the tongue tip moves forward along the
palate, as noted above. This leads to the asymmetry in formant
transitions that is the characteristic of retroflexes: although at
the left edge of the consonant the retroflex identity is clear, at
the right edge of the consonant, the retroflex may be confused

with an alveolar consonant. As a consequence, in many lan-
guages, including those studied here, retroflex consonants
are not licensed in word-initial position, since the potential lack
of a preceding formant transition could lead to confusion with
an alveolar phoneme in the same language (Steriade, 2001;
Hamann, 2003). This is therefore the inherent difficulty for ret-
roflex perception, and perhaps the major contributor to their
relative typological rarity.

With respect to the issue of preceding versus following
vowel transitions, it is worth noting that formant transition data
from three Australian languages, including Arrernte, suggests
that speakers control VC and CV sequences equally carefully,
for all (stop) places of articulation (Tabain, Breen, & Butcher,
2004). This is contra data from other languages, such as Eng-
lish, which clearly show greater stability in CV transitions than
in VC transitions – a result which has been interpreted as evi-
dence for CV being the basic syllable type in the world's lan-
guages. Tabain et al. argued that this result provides a
phonetic basis for the underlying VC syllable structure posited
for Arrernte by Breen and Pensalfini (1999 – though see
Topintzi & Nevins, 2017 for an alternative view).

In the present study, apicals from a broader range of words
are included for analysis, and not just from the phonological
harmony context described above. The aim is to see whether
the above results concerning alveolars and retroflexes can
be generalized to stressed versus unstressed contexts overall.
Based on the previous results, it would be expected that the
unstressed retroflex (i.e. following a stressed vowel) would
be a prototypically retroflex articulation, with a forward move-
ment of the tongue during closure; and the stressed alveolar
may have a slightly more forward point of articulation than
the unstressed alveolar.

3. Manner of articulation and apical production

The Tabain (2009a) study also did not distinguish between
the various manners of articulation; however, given the differ-
ent coarticulatory behaviours which may be exhibited accord-
ing to manner of articulation (e.g. Recasens & Rodriguez,
2016, 2017), and the different tongue configurations which
may arise as a consequence of manner requirements within
the same place of articulation (e.g. Tabain & Beare, 2018;
Kochetov, Tabain, Sreedevi, & Beare, 2018), the three different
manners of articulation – stop, nasal and lateral – will be con-
sidered separately here.

Nasal consonants are characterised by a lower jaw position,
as compared to stop consonants (see Keating, Lindblom,
Lubker, & Kreiman, 1994 for early data on Swedish and Amer-
ican English, and Tabain, 2009b, 2012 for data from Central
Arrernte). This lower jaw position may facilitate velar lowering.
By contrast, a higher jaw position is required for coronal (oral)
stops (including the two apicals studied here), since air is
channelled towards the lower teeth in order to shape the stop
burst spectrum (Tabain, 2012 for Arrernte, c.f. Shadle, 1985,
and Mooshammer, Hoole, & Geumann, 2007 for German).

Since retroflex consonants are characterised by a particu-
larly low jaw position as well (e.g. Tabain, 2009b, 2012 for
Arrernte) – almost as low as for the velar /k/ (c.f. Keating
et al., 1994) – it is possible that the lower jaw position for
nasals facilitates retroflex production, thereby enhancing the
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alveolar versus retroflex contrast in the nasal manner of artic-
ulation. The low jaw position for retroflexes likely facilitates
retraction of the tongue tip into a post-alveolar or pre-palatal
position, in preparation for the ballistic forward movement char-
acteristic of retroflex sounds (Kochetov, Sreedevi, Manjula, &
Kasim, 2014). Jaw position is also low for laterals, which in this
case is likely due to lateral airflow requirements, since a low-
ered jaw may facilitate airflow along the sides of the tongue.

Based on the above observations, it could be suggested
that the jaw is relatively free in nasal articulations, in that there
are no requirements for it to be particularly high (as for oral
stops) or particularly low (as for laterals). It may therefore be
free to facilitate a retraction of the tongue for retroflex articula-
tions, or to facilitate a relatively stable tongue position for alve-
olar articulations. By contrast the jaw must remain low for
lateral articulations – alveolar or retroflex – in order to allow lat-
eral airflow; and it must remain high for (coronal oral) stops, in
order to enhance spectral peaks in the stop burst.

There is also evidence from ultrasound data that tongue
root position for a given place of articulation is affected by man-
ner of articulation (see Tabain & Beare, 2018, and Tabain,
Kochetov, Sreedevi, & Beare, 2016 for discussion). Elongation
of the tongue may be used as a strategy to allow lateral airflow,
and this elongation may lead to a more posterior placement of
the tongue root for laterals as compared to oral stops. By con-
trast, a more anterior placement of the tongue root and tongue
body is possible for nasals, if the aim is to avoid contact
between the tongue and the lowered velum (with such contact
potentially having important acoustic consequences). As
regards the contrast between alveolars and retroflexes in
Arrernte, there is some evidence from ultrasound data that
the retroflex has a slightly more forward tongue root position,
and possibly a slightly higher tongue body position, than the
alveolar (Tabain & Beare, 2018). However, these results for
alveolar versus retroflex are not consistent across speakers.

With regard to the nasal manner of articulation, it is impor-
tant to note that articulatory data from Australian Aboriginal
languages have consistently shown minimal anticipatory nasal
coarticulation on the vowel (Stoakes, 2014), contra the
observed pattern in other languages of the world (c.f.
Huffman & Krakow, 1993). This observation has been
explained using the place-of-articulation imperative (Butcher,
2006), which highlights the importance of maintaining cues to
consonant place of articulation. Since anticipatory nasalization
of vowels is likely to compromise formant cues to consonant
place of articulation – as noted above, in the case of retro-
flexes, formant trajectories out of the preceding vowel are the
main cue to place of articulation – velum lowering is timed so
that it coincides as precisely as possible with oral closure for
the nasal consonant.

However, acoustic data from three Central Australian lan-
guages, including Arrernte, somewhat contradict this result.
Tabain, Butcher, Breen, and Beare (in press) show that in
terms of formant transitions, the alveolar~retroflex contrast is
most clearly encoded for the stop manner of articulation. For
the nasal manner of articulation, there is acoustic evidence
of nasalization on the preceding vowel, with lower F1 values,
and greater problems with tracking of higher formants (i.e. F3
and F4), when the following consonant is nasal. The conse-
quence of this formant-tracking observation for the present

study is that the formant cues to the alveolar~retroflex contrast
may be less reliable before nasals than before stops or later-
als. Conversely, the acoustic contrast between alveolar and
retroflex is reduced for the lateral manner of articulation, but
without any evidence of formant tracking problems – instead,
many phonemically retroflex lateral articulations do not sound
very retroflex, an observation which is reflected in the formant
data for these sounds. These results suggest that the contrast
between alveolar and retroflex is somewhat problematic for the
lateral manner of articulation.

Before proceeding, some clarification is required regarding
the nature of lexical stress in Arrernte, and the status of the
apical contrast in this language.

4. A brief overview of Arrernte stress and phonology

Stress in Arrernte is realized on the first vowel which follows
a consonant – or as termed by Breen and Pensalfini (1999), on
the first underlying VC syllable of the word (with all syllables in
Arrernte deemed to begin with a vowel underlyingly, even if this
vowel is not realized on the surface). In practice, this means
that if the word is realized with an initial vowel, stress is on
the second vowel; but if the word is realized with an initial con-
sonant, stress is on the first vowel.

Lexical stress in Arrernte is largely encoded via greater
vowel duration, and also greater consonant duration on the pre-
ceding consonant (Tabain, 2016). However, not all Arrernte
vowels are equally lengthened under stress, with the low vowel
/a/ being greatly lengthened under stress, while the central
vowel /ə/ shows minimal lengthening. Nevertheless, it is impor-
tant to note that it is the CV syllable which is phonetically
marked for stress (given that this is the sequence that is length-
ened), and that this is in contrast with the phonological evi-
dence for an underlying VC syllable structure in Arrernte, as
mentioned above (the phonological evidence is largely based
on morphological alternations such as reduplication, and on
the word game “Rabbit Talk” – Breen & Pensalfini, 1999).

A particularly salient aspect of Arrernte rhythm concerns the
elasticity of its vowels. Arrernte is often analysed as having a
three vowel system, /i a ə/2. The central vowels /a/ and /ə/ are
very common, and most clearly contrast in lexically stressed
position (thus /ə/ can be stressed, as mentioned above), with
/a/ having a higher first formant than /ə/ in stressed position
(Tabain & Breen, 2011). In lexically unstressed position, these
two vowels are largely indistinguishable in terms of formant
structure, with great overlap between the two. Importantly how-
ever, /a/ shows a much greater increase in duration under stress
compared to schwa (and although not relevant here, /a/ also
shows much greater temporal compression when adjacent to
consonant clusters than does schwa). /a/ can therefore be ter-
med an elastic vowel, while schwa is a non-elastic vowel in
Arrernte.

The third vowel /i/ is lexically much less frequent, as is the
vowel [u], which although present phonetically, is usually anal-
ysed as a rounding on the consonant. Thus, for instance, the
word uterne ‘sun’ could be pronounced [utəɳə] or [twəɳə],3 with

2 Note that the low central vowel is strictly speaking [ɐ], and not cardinal vowel 4 [a] – the
latter symbol is used purely for ease of transcription.

3 This second pronunciation is more common in the speech of younger speakers –
Gavan Breen (personal communication).
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the rounding being realized either preceding or following the
consonant /t/.4 Both the vowel /i/, and any phonetically rounded
vowel, are excluded from the present study.

As mentioned above, in Arrernte as in many languages (c.f.
Gordon, 2016), the contrast between alveolar and retroflex is
neutralized in word-initial position (c.f. Hamann, 2003). These
phonemically neutralized tokens are likewise excluded from
the present study. Neutralization takes place because the
acoustic cues to retroflexion are greater at the left edge of
the retroflex consonant than at the right edge, as noted above
(Steriade, 1995). As such, in absolute word-initial position, the
acoustic cues to retroflexion may be absent.

One salient aspect of retroflex production in Arrernte is the
possible pre-palatalization of the (pre-stress) retroflex. Thus,
for instance, arteme ‘build/cover’ may be pronounced [ajʈəm]
instead of [aʈəm]; arne ‘tree’ may be pronounced [ajɳə] instead
of [aɳə]; and arlenge ‘a long way away’ may be pronounced
[ajɭəNə] instead of [aɭəNə]. Whether a retroflex /ʈ ɳ ɭ/ should
be used in these palatalized transcriptions, or an alveolar
/t n l/ instead, is not entirely clear, and relates to the broader
issues outlined above. This realization appears to be a clear
speech variant, and speakers freely alternate between a
palatalized and a non-palatalized production even in citation
repetitions of the same word. In the present study, palatalized
tokens were coded and where necessary examined
separately, as will be explained further below.

5. Aims of the present study

In the present study, the contrast between alveolars and ret-
roflexes will be considered in light of the roles played by lexical
stress, as discussed above. There are very few minimal pairs
for the alveolar~retroflex contrast, and there is evidence that
lexical stress mediates the contrast, with a phonetically retro-

flex articulation more likely following a stressed vowel (i.e. with

the consonant in unstressed CV position) and a phonetically

alveolar articulation more likely preceding a stressed vowel

(i.e. with the consonant in stressed CV position). The reader
is reminded that lexically stressed vowels in Arrernte are not
necessarily longer, since the in-elastic schwa vowel does not
undergo significant lengthening under stress (although the /a/
vowel is indeed significantly longer under stress).

It must be highlighted that in the present study, when we
use the term “stressed” with regard to alveolars or retroflexes,

we are referring to a consonant that precedes a stressed vowel

(i.e. it is pre-stress). When we use the term “unstressed”, we

are referring to a consonant that follows a stressed vowel

(i.e. it is post-stress). This is an important distinction given
the controversy over syllable structure in Arrernte (see above).

The present study takes a closer look at the phonetic real-
ization of alveolars and retroflexes across all three manners
of articulation – stop, nasal and lateral. In order to achieve a
better understanding of alveolar and retroflex articulations in
Arrernte, electro-magnetic articulography (EMA) and EPG data

will be presented. Since EPG data from isolated tokens have
already been presented in Tabain (2009a), in the present study
EPG data from connected speech will be presented, in order to
confirm whether or not the previous results can be generalized
to a slightly more ecologically valid situation (i.e. speech in a
read sentence context, rather than from a reading of word
lists). The EPG data provide the primary data on constriction
location, and can therefore most reliably be used to charac-
terise place of articulation. The EMA data, by contrast, provide
important corroborating evidence on jaw movement, which as
discussed above, may show an interaction between place of
articulation (lower for retroflexes, higher for alveolars) and
manner of articulation (higher for stops, lower for nasals and
laterals). As already noted, previous EMA data for Arrernte,
which did not take lexical stress into account (Tabain, 2009b,
2012) showed that the jaw has a lower position for the retro-
flexes than for any of the other coronal consonants, including
the alveolar. The EMA jaw movement data will be comple-
mented by tongue tip and tongue body data. It is therefore
hoped that an analysis according to lexical stress will provide
some phonological insight into how featural enhancement
and positional faithfulness may be manifested for the alveolar
versus retroflex contrast.

Before outlining the data for the present study, it should be
noted that a previous version of this paper presented ultra-
sound data as well. However, despite being based on a larger
number of speakers (i.e. six), these ultrasound data added rel-
atively little to the overall picture of the alveolar~retroflex con-
trast. This may be partly due to the fact that the ultrasound data
had a relatively high number of pre-palatalized retroflex tokens
(as outlined above); or it may be due to the fact that the alve-
olar~retroflex contrast was not particularly well elucidated
using this technique. Nevertheless, in the final summary sec-
tion, a few observations based on the ultrasound data will be
made.5

6. Method

6.1. Speakers

Two female native speakers of Central Arrernte participated
in the EMA and the EPG recordings – Sabella Turner and
Janet Turner, who are mother and daughter, respectively. Their
acoustic and articulatory data have been presented in other
studies of Arrernte language (Tabain, 2009a, 2009b, Tabain
et al., 2011, Tabain & Breen, 2011, Tabain, 2011, 2012).

6.2. Recordings

6.2.1. EPG

The EPG recordings took place at the Institute for Aboriginal
Development in Alice Springs in 2008, using the Articulate
palate (Tabain, 2011). The speakers were seated in a desk
chair facing a laptop on which words were presented. EPG
and acoustic data were recorded simultaneously onto a PC
laptop computer running the Articulate Assistant software
(http://www.articulateinstruments.com/ Articulate Instruments

4 Note that Arrernte orthography is not entirely phonemic, with [u] being represented in
the orthography in word-initial position, and the final non-contrastive schwa also being
represented in the orthography. Note that rounding may also be treated as a word-level
harmony – see Breen (2001), Butcher (2006).

5 The reader is invited to contact the authors for further information on the ultrasound
data.
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Ltd 2007), with an MBox2 Mini soundcard. EPG data were
sampled at 200 Hz, and acoustic data at 22.05 kHz.

The speakers wore the artificial palate for several minutes
before recording began, participating in normal conversation
in English during recording set-up, etc. There was no notice-
able effect on their conversational English speech when wear-
ing the artificial palate. Further details of the EPG recordings
are provided in Tabain (2011 JIPA).

6.2.2. EMA

The EMA data were recorded in the speech physiology stu-
dio at the Speech, Hearing and Language Research Centre at
Macquarie University in 2004. Articulatory (EMA – electromag-
netic articulography) and acoustic data were recorded simulta-
neously and time-synchronized. The acoustic data were
recorded directly onto a Unix machine at a sampling rate of
20 kHz, via a studio-quality microphone placed at a slight angle
about 15–20 cm from the speaker’s lips. The EMA data were
recorded at 200 Hz using a 10-channel 2D Carstens system.
These EMA data were also recorded directly to the Unix
machine.

Two EMA sensors were placed on the tongue (one on the
Tongue Body and one on the Tongue Tip) – the Tongue Tip
sensor was placed approximately 1 cm from the tip of the ton-
gue, and the Tongue Body sensor was placed approximately
3–3.5 cm from the tip of the tongue. Sensors were also placed
on the vermilion borders of the lips (one on each of the Upper
Lip and Lower Lip – these sensor data are not reported here);
and one sensor for the Jaw was placed on the chin. A refer-
ence transducer was placed on the bridge of the nose. The
tongue sensors were attached with Ketac bond, and the other
sensors were attached with dental tape. Unfortunately, the
Tongue Tip sensor failed for speaker ST, and so only data from
the Tongue Body sensor are available for this speaker. Data
were rotated to the measured bite plane of the speaker.

Further details on the EMA recordings are provided in
Tabain (2009b and 2012).6

6.3. Stimuli

For the EMA recordings, real words from Central Arrernte
were used. The list of words used is presented in Tabain
(2009b and 2012).

The stimulus words were presented in standard Arrernte
orthography. For the EMA recordings, words were uttered in
isolation, rather than in a carrier phrase. For the EMA record-
ings, the speakers repeated each word three times in a row.
When the speaker did not recognize a word, she was
prompted with an English gloss. If the speaker then felt that
she was able to produce the word, she did so; otherwise she
moved on to the next word.

The wordlist for these recordings was designed by Gavan
Breen to illustrate the sounds of Central Arrernte in different
positions for teaching purposes (i.e. word initial, medial and
final; and in consonant clusters). Unfortunately, the speakers
became fatigued during the EMA recording, and were unable
to complete the reading of the list, which was lengthy. Never-

theless, each speaker managed to record about 200 words
from the complete list.

As mentioned above, the EPG data for the present study
are not taken from isolated word tokens. Instead, data are
extracted from connected, read speech. Speakers JT and ST
read two types of texts during the EPG recordings. The first
type consisted of question–answer sentence pairs, designed
for the purposes of another study. There were 31 sentence
sets in total (each set consisting of two two-sentence pairs)
and each speaker produced each sentence stimulus set 10
times. The second text was the story “Urreye Akweke” (Little
Boy), written by speaker ST (Turner, 2007) – both speakers
read several pages of this text. The connected speech data
used for the present study allowed for a much larger number
of tokens to be examined than isolated word data would have
allowed.

It is important to note that the connected speech data were
labelled for lexical stress and not according to higher-level into-
national prosody (there is minimal formal knowledge of intona-
tional prosody in this under-studied language). It is also
important to note that it is not always clear in Arrernte what
affixes may constitute their own prosodic word, and this is
reflected in variable orthographic practices in the language.
We relied on vowel coalescence (which is highly productive
in Arrernte across word and affix boundaries) to determine
whether an affix was attached to a root word or not.

It is also important to note that the EMA and EPG data were
collected at different times (i.e. four years apart) and involve
different speaking styles (words in isolation versus sentence
and story reading). Nevertheless, these two sets of data are
from the same two speakers; moreover, the much larger data-
set from the read sentences gives greater confidence in statis-
tical analyses, something that is often a problem in datasets
from under-studied languages (and in particular for articulatory
data).

6.4. Data analysis

All data were labelled using the EMU Speech Database
system (Cassidy & Harrington, 2001), and all data analysis
was done using this system interfaced with the R Statistical
Package (R Core Team, 2018, Winkelmann, Harrington, &
Jänsch, 2017). The acoustic data were labelled by paid label-
lers using standard acoustic labelling criteria (Harrington &
Cassidy, 1999) and checked during the data analysis stage.

For the purposes of the current study, only consonants
which were produced in intervocalic context were selected,
where adjacent vowels were the non-high vowels /a/ or /ə/.
These are both central vowels, with /a/ being a low vowel,
and /ə/ being a mid vowel. It should be noted that [ə] in final
position is non-contrastive (even though it is represented in
the orthography), since all words are assumed to end in a con-
sonant underlyingly (Breen & Pensalfini, 1999).

Data were coded as either Stressed or Unstressed, based
on whether or not the following vowel was stressed (i.e.
“Stressed” means pre-stress, and “Unstressed” means post-
stress).

For both sets of data – EPG and EMA – figures will be pre-
sented showing the apical articulations across the entire dura-
tion of the consonant. It was not feasible to extend the present

6 An important problem with the Jaw data should be noted here. There is a constant
offset in the y-dimension for these data, with the Jaw data appearing about 4 cm too low.
Careful inspection of the data suggested that these data were otherwise unaffected.
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analysis into adjacent vowels, since as mentioned above, the
/a/ and /ə/ vowels differ in height under stress, but overlap
when not stressed; it would not have been possible to control
for this factor as well as control for consonant type (i.e. alveolar
or retroflex; and stop, nasal or lateral).

For the EPG data, Centre of Gravity (CoG – calculated
using the epgdisplay package in the EMU system), was used
to quantify the point of constriction along the palate. CoG mea-
sures contact across the entire palate, and gives a linearly
higher weighting as the rows become more forward
(Hardcastle, Gibbon, & Nikolaidis, 1991; Gibbon & Nikolaidis,
1999). The value of CoG varies between 0.5 if the entire back
row of electrodes is contacted, and 7.5 if the entire front row of
electrodes is contacted.7 Examples of averaged palatograms
for the various consonants of Arrernte are given in Tabain
(2011).

6.5. Number of tokens

Table 1a shows the number of tokens that have been anal-
ysed from the EPG database. It can be seen that a total of
about 900 tokens are included for speaker JT, and about
1000 tokens for speaker ST. It can also be seen that there
are more nasal and lateral tokens than there are stop tokens.
In addition, it can be seen that for the stop and nasal manners,
there are large numbers of Unstressed Retroflex tokens; and
for the nasal manner, there are large numbers of Stressed
Alveolar tokens. For the lateral manner, the largest number
of tokens are Unstressed Alveolar. In general, there are com-
paratively fewer tokens of the Stressed Retroflex category,
although this is more noticeable for the stop and lateral
manners.

Table 1a also shows the number of Stressed Retroflex
tokens that were labelled as being pre-palatalized. It can be
seen that in this EPG database, pre-palatalized tokens were
only noted in the speech of speaker ST. An un-paired t-test
(using the Welch approximation to the degrees of freedom
given unequal variances) showed no significant difference in
Centre of Gravity (CoG) values between the pre-palatalized
Stressed Retroflex tokens, and the non-pre-palatalized
Stressed Retroflex tokens, as sampled at the temporal mid-
point of the consonant. Moreover, a visual examination of the
CoG traces across the entire token showed that within a given

manner of articulation (stop, nasal or lateral), the pre-
palatalized and non-pre-palatalized tokens showed similar
articulatory patterns (i.e. more plateau-like versus a more bal-
listic forward movement), as discussed further below. For
these reasons, the pre-palatalized and the non-pre-
palatalized tokens are combined for speaker ST's EPG data.
This strategy has the added advantage of facilitating compar-
ison with speaker JT's EPG data, which contained no pre-
palatalized tokens.

Table 1b presents the number of tokens for the EMA data.
As was the case for the EPG data, most tokens are either
Stressed Alveolar or Unstressed Retroflex (although there
are comparatively fewer Unstressed Retroflex tokens for the
lateral, for both speakers). It can be seen that there are no
Unstressed Alveolar tokens for the stop manner of articulation,
and comparatively few for the nasal and lateral manners of
articulation. There are also comparatively few Stressed Retro-
flex tokens, with the exception of the stop manner of articula-
tion for speaker JT. Also, as before, speaker ST’s Stressed
Retroflex data is split between palatalized and non-
palatalized tokens, resulting in very few tokens in either the
palatalized or non-palatalized category, especially for the nasal
and lateral manners of articulation. An examination of the
palatalized and non-palatalized retroflex EMA data for this
speaker showed important differences between the two articu-
lations (see Results section below). For this reason the palatal-
ized and non-palatalized data are not combined for speaker
ST's EMA data, but are instead treated separately.

6.6. Statistical analysis

Generalized Additive Models (GAMs) were used for the
inferential analysis of the EPG and EMA data, with time
included as a predictor. The following formula was used for
the EPG data:

cogvals ~ prosodic.placeO + s(time) + s(time, by

= prosodic.placeO) + s(segnum, bs = "re")

where cogvals are the Centre of Gravity values across
consonant duration; prosodic.place is one of Stressed
Alveolar, Unstressed Alveolar, Stressed Retroflex, or
Unstressed Retroflex; and segnum is the individual token
number (1:896 for speaker JT, and 1:1014 for speaker ST).
"re" denotes a random effect. By having token number as
a random effect, we ensure that individual samples are treated
as part of the relevant track, rather than as independent sam-
ples in time.

7 CoG = [0.5(R8) + 1.5(R7) + 2.5(R6) + 3.5(R5) + 4.5(R4) +5.5(R3) + 6.5(R2) + 7.5(R1)]/
Total Contacts.

Table 1a
Number of tokens for EPG data. The numbers in brackets for speaker Sabella denote tokens that were labelled as being pre-palatalized. These are included in the overall Stressed
Retroflex category.

Stressed
Alveolar

Unstressed
Alveolar

Stressed
Retroflex

Unstressed
Retroflex

Total

JT stop 7 30 11 117 165
nasal 124 47 72 136 379
lateral 14 240 11 87 352
Total 145 317 94 340 896

ST stop 10 47 12 (1) 141 210
nasal 146 47 60 (46) 138 391
lateral 42 308 11 (8) 52 413
Total 198 402 83 331 1014

Bold denotes totals and underlined bold denotes grant totals.
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A second GAM examined the effect of manner:
cogvals ~ mannerO + s(time) + s(time, by = man-

nerO) + s(segnum, bs = "re")

where manner is one of stop, nasal or lateral.
For the EMA data, the x- and y-data for a given sensor

were listed in the same GAM, in order to take into account
the correlation between x- and y-data in articulatory
trajectories. For example, for prosodic place, the following

were listed in the same command (with a similar command
for manner):

TongueTipX ~ prosodic.placeO + s(time) +

s(time, by = prosodic.placeO) + s(segnum, bs =

"re")

TongueTipY ~ prosodic.placeO + s(time) +

s(time, by = prosodic.placeO) + s(segnum, bs =

"re")
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Fig. 1. Time-normalized and GAM-smoothed trajectories for EPG Centre of Gravity. Data are presented separately for the two speakers. Raw track-data are plotted faintly in the
background.

Table 1b
Number of tokens for EMA data. Note that “pal.” in the Stressed Retroflex column denotes additional palatalized tokens. These are treated separately in this dataset.

Stressed
Alveolar

Unstressed
Alveolar

Stressed
Retroflex

Unstressed
Retroflex

Total

Janet stop 12 – 17 10 39
nasal 16 9 9 21 55
lateral 11 7 6 6 30
Total 39 16 32 37 124

Sabella stop 15 – 6 (+6 pal.) 8 35
nasal 15 3 3 (+3 pal.) 12 36
lateral 12 6 3 (+3 pal.) 3 27
Total 42 9 12 (+12 pal.) 23 98
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Separate models were constructed for Tongue Tip, Tongue
Body and Jaw. For the EMA data, segnum ranged from 1: 124
for speaker JT, and 1: 98 for speaker ST.

Although time is included as a factor in the GAMs, we focus
our discussion below on the factors prosodic.place and
manner.

7. Results

7.1. EPG

Fig. 1 shows the time-normalized and GAM-smoothed tra-
jectories for EPG Centre of Gravity (CoG) for each speaker.8

It must be stressed that these are not the raw time-normalized
and averaged data, and as such the shapes of the trajectories
do not quite so clearly highlight the “plateau” nature of EPG artic-
ulations – plateau articulations appear as more of a parabola
shape on this plot. Given this problem with GAM-smoothed
track-data, the raw track-data are plotted faintly in the back-
ground in each panel. GAM-smoothed track-data nevertheless
provide a useful visualization of the variability in each consonant
category (denoted by the grey bands surrounding each trajec-
tory): where the grey bands surrounding the EPG CoG trajecto-
ries do not overlap, the trajectories are significantly different.

Table 2 presents results from Generalized Additive Models
(GAMs) comparing (a) the four prosodic place categories
shown in the plots – Stressed Alveolar, Unstressed Alveolar,
Stressed Retroflex and Unstressed Retroflex; and (b) the three
manners of articulaton (stop, nasal, lateral). The intercept for
prosodic place is Stressed Alveolar (alveolarS), and the inter-
cept for manner is stop.

Table 2 also shows the time windows (from 0.00 to 1.00) of
significant differences for six pair-wise comparisons: alveo-
larS~alveolarW, retroflexS~retroflexW, alveolarS~retroflexS,
alveolarW~retroflexW, and alveolarW~retoflexS.

It can be seen that for both speakers, the Unstressed Retro-
flex category (in purple) clearly has the lowest Centre of Grav-
ity. For speaker ST, this category is always much lower than
the other three apical categories. For speaker JT, this is true
for the lateral manner of articulation, but not for the stop or
nasal manners of articulation: for the stops and nasals, there
is some overlap between Unstressed Retroflex (in purple)
and Stressed Retroflex (in blue) tokens, with both having a
lower Centre of Gravity. However, it may be noted for this
speaker that the Stressed Retroflex tokens which are stops
show a good deal of variability, as evidenced by the wide grey
band around the blue line.

Importantly, the Unstressed Retroflex tokens consistently
have a forward movement of the tongue during consonant

closure. For the Stressed Retroflex category (blue), there is a
little more variability. In three out of the six panels in Fig. 1, a
forward movement of the tongue can be seen for Stressed Ret-
roflex tokens (blue lines) – the exceptions are the lateral
tokens for speaker JT, and the nasal and lateral tokens for
speaker ST. It could also be noted that the forward movement
for the Stressed tokens is not as extreme as the forward move-
ment for the Unstressed tokens (purple lines), perhaps with the
exception of speaker JT's nasal data.

As regards the remaining data, there is much greater vari-
ability across the two speakers and three manners of articula-
tion. For speaker JT, the Stressed Alveolar category (red lines)

8 The EPG Centre of Gravity (CoG) tracks are plotted using the ggplot2() package in R
(Wickham, 2016). Data were smoothed using the GAM (Generalized Additive Model)
smoother, with token set as a random factor – this ensured that track data were not treated
as a random collection of data at a given point in time, but were correctly allocated to their
respective tokens as part of the CoG track. The GAM smoothing command added to ggplot
() was: geom_smooth(aes(colour=prosodic.place, randomid=factor(seg-

num), group=interaction(prosodic.place, manner)), method="gam", for-

mula=y ~ s(x, bs="cs", k=4) + s(randomid, bs="re")) where "cs" is a cubic
regression spline; "re" is a random effect grouping by token number ("segnum"); and "k" is
the number of basis functions, which was determined by visual comparison with the raw
averaged, time-normalized EPG CoG data. This particular formulation allows ggplot() to
pass the "randomid" to the GAM smoother via the aes (aesthetic) function. This required a
custom predict function to be inserted into the ggplot() package, which predicts group
trajectory based on the random effects model.

Table 2
EPG Centre of Gravity GAM results for speakers JT and ST. (a) Results according to
prosodic place, where the Intercept is Stressed Alveolar (AlveolarS), with beta contrasts for
Unstressed Alveolar, Stressed Retroflex and Unstressed Retroflex (AlveolarU, RetroflexS
and RetroflexU). (b) Results according to manner, where the Intercept is stop, with beta
contrasts for nasal and lateral. Post-hoc results examining the time window of significant
differences are also shown for each model.

(a)

JT Estimate S.E. t-Value p-Value

(Intercept) 4.30 0.039 109.55 <0.0001
alveolarU �0.09 0.047 �1.95 0.0502
retroflexS �0.89 0.062 �14.30 <0.0001
retroflexU �0.94 0.047 �20.93 <0.0001

JT time window(s) of significant difference(s)

alveolarS, alveolarU 0.00–0.35
retroflexS, retroflexU 0.00–0.46

0.95–1.00
alveolarS, retroflexS 0.00–1.00
alveolarU, retroflexU 0.00–0.96
alveolarS, retroflexU 0.00–0.95
alveolarU, retroflexS 0.00–1.00

ST Estimate S.E. t-Value p-Value

(Intercept) 4.27 0.027 154.02 <0.0001
alveolarU �0.25 0.033 �7.59 <0.0001
retroflexS �0.24 0.051 �4.71 <0.0001
retroflexU �1.23 0.035 �35.06 <0.0001

ST Time window(s) of significant difference(s)

alveolarS, alveolarU 0.00–1.00
retroflexS, retroflexU 0.00–1.00
alveolarS, retroflexS 0.00–0.87
alveolarU, retroflexU 0.00–1.00
alveolarS, retroflexU 0.00–1.00
alveolarU, retroflexS 0.00–0.09

0.76–0.94

(b)

JT Estimate S.E. t-Value p-Value

(Intercept) 3.31 0.043 75.39 <0.0001
nasal 0.33 0.052 6.34 <0.0001
lateral 0.88 0.053 16.40 <0.0001

JT Time window(s) of significant difference(s)

stop, nasal 0.00–0.85
0.97–1.00

stop, lateral 0.00–1.00
nasal, lateral 0.00–1.00

ST Estimate S.E. t-Value p-Value

(Intercept) 3.25 0.040 79.85 <0.0001
nasal 0.57 0.050 11.38 <0.0001
lateral 0.67 0.050 13.43 <0.0001
ST Time window(s) of significant difference(s)

stop, nasal 0.00–0.92
stop, lateral 0.00–0.95
nasal, lateral 0.22–0.95
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has a significantly higher CoG than either of the two retroflex
categories (but there is no difference between Stressed Alve-
olar and Unstressed Alveolar for the stop and lateral). For this
speaker, the alveolar tokens (red and green lines) tend to show
a more plateau-like articulation – that is, closure and release at
approximately the same point along the palate. In general the
clearest contrast for this speaker is for the nasals, where there
is a clear ranking: Stressed Alveolar > Unstressed Alveolar >
Stressed Retroflex > Unstressed Retroflex. For the laterals,
the two Alveolar categories and the Stressed Retroflex over-
lap, with only the Unstressed Retroflex having a lower CoG,
giving the following ranking: Stressed Alveolar = Unstressed
Alveolar = Stressed Retroflex > Unstressed Retroflex.

The GAM results for time show that for speaker JT, col-
lapsed across manner, the two Alveolars (Stressed and
Unstressed) are significantly different only during the first third
of the consonant duration (0.00–0.35); while the two Retro-
flexes (Stressed and Unstressed) are significantly different
only during the first half of the consonant (0.00–0.46). All other
pair-wise comparisons show significant differences for most of
consonant duration.

For speaker ST, the following differences can be seen for
the stop tokens: Unstressed Alveolar = retroflex Stressed >
Stressed Alveolar > Unstressed Retroflex. Thus the Stressed
Alveolar has a lower Centre of Gravity than the Unstressed
Alveolar tokens. Interestingly, the Stressed Alveolar still main-
tains a plateau-like articulation, despite having a lower Centre
of Gravity (rather than having the forward movement during
closure which seems typical of the retroflex category). For
the nasal manner of articulation, the ranking seems to be:
Unstressed Alveolar > Stressed Alveolar > Stressed
Retroflex > Unstressed Retroflex (with the first three categories
having much higher CoG values than the Unstressed Retroflex
category). The plots of CoG suggest a plateau-like articulation
for the first three categories, in contrast to the forward move-
ment of the tongue for the Unstressed Retroflex. Finally, for
the laterals, speaker STagain shows a clear ranking: Stressed
Alveolar > Unstressed Alveolar = Stressed Retroflex >
Unstressed Retroflex. For the laterals, only the Unstressed
Retroflex shows a forward movement of the tongue during clo-
sure. In general, for speaker ST it can be said that the
Unstressed Retroflex clearly has a much lower Centre of Grav-
ity than the other three apical categories examined. That said,
the GAM results for time for this speaker show that differences
are significant for all pairwise comparisons for most or all of
consonant duration, the only exception being the comparison
between Unstressed Alveolar and Stressed Retroflex, where
there is no significant difference between 0.09 and 0.76 of con-
sonant duration (i.e. about two thirds of consonant duration).

To summarize, the Unstressed Retroflex clearly stands out
as having a much lower EPG Centre of Gravity, and a forward
movement of the tongue during closure. There is much greater
variability in the other three categories examined, although it
may be noted that for the stops and laterals for both speakers,
there was no difference in CoG between the Unstressed Alve-
olar and the Stressed Retroflex articulations. For the nasals,
the Stressed Retroflex patterned clearly with the Unstressed
Retroflex for speaker JT; and for speaker ST, the Stressed Ret-
roflex patterned a little more closely to the other two cate-
gories, though still lower in terms of CoG. The Stressed

Alveolar sometimes had a higher Centre of Gravity, though this
was not always the case. However, the alveolars were consis-
tently more likely to have a plateau-like articulatory pattern.

Finally we consider the manners of articulation. As can be
seen in Fig. 1, the Centre of Gravity tends to be lower for the
stops than for the laterals, with the nasals in between. There
is certainly the impression that a lower EPG CoG is less com-
mon for laterals. This is confirmed by the GAM in Table 2
explicitly addressing manner, showing that CoG is overall
higher for nasals compared to stops, and higher still for laterals
compared to stops. This is true for both speakers. Whether this
reflects a general incompatibility between laterality and a pos-
terior place of articulation is a question that will be taken up in
the final discussion section.

7.2. EMA

Fig. 2 shows xy-plots of the Tongue Tip, Tongue Body and
Jaw trajectories across time for speakers JT and ST; and
Fig. 3 shows boxplots of the same data sampled at the tempo-
ral midpoint of the consonant. (We present boxplots since it
was not clear how to represent the two-dimensional EMA data
using a display similar to the GAM used for the EPG data).
Note that the xy-plots in Fig. 2 show the raw averaged, time-
normalized data. The lines are different lengths because the
distance between two sample points represents the distance
the articulator has travelled in a given time (in the case of this
plot, tokens were sampled at 20 points in time) – thus closely-
spaced points suggest a more slowly moving articulator than
points spaced further apart.

Table 3 presents results from Generalized Additive Models
comparing (a) the prosodic place categories shown in the plots
– Stressed Alveolar, Unstressed Alveolar, Stressed Retroflex
and Unstressed Retroflex, plus the palatalized Stressed Retro-
flex for speaker ST; and (b) the three manners of articulation
(stop, nasal, lateral). The intercept for prosodic place is
Stressed Alveolar, and the intercept for manner is stop. The
reader is reminded that it was not possible to combine the
palatalized with the non-palatalized Stressed Retroflex tokens
for speaker ST, given the very different patterning in the EMA
data for this speaker (as will be seen below).

Beginning with speaker JT’s stop data, it can be seen that
the Stressed Alveolar articulation has a more forward Tongue
Tip and Tongue Body position than either the Stressed or
Unstressed Retroflex. In addition, the Tongue Body is lower
for the Stressed Alveolar as well as being more forward. An
examination of the boxplots suggests no significant differences
in Jaw position, although Jaw position may be a little lower for
the Unstressed Retroflex.

Looking now at the nasal data for speaker JT, there are
many differences. Overall, tongue position for the alveolar con-
sonants is more forward than for the retroflex consonants. For
the Tongue Tip data, the Stressed and Unstressed Retroflex
pattern together, and the Stressed and Unstressed Alveolar
pattern together. For the Tongue Body data, the Unstressed
Alveolar is the furthest forward, and the Stressed Retroflex is
the furthest back, with the Stressed Alveolar and the
Unstressed Retroflex in between. In addition, Tongue Body
for the Stressed (and to a lesser extent Unstressed) Retroflex
is higher than for the Stressed and Unstressed Alveolar.
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Fig. 2. EMA data: xy-plots. (a) Tongue Tip, Tongue Body and Jaw data for speaker JT; and (b) Tongue Body and Jaw data for speaker ST. Data are sampled across the entire acoustic
duration of the consonant, and are averaged and time-normalized across tokens. On each plot, ‘s’ marks the start of the consonant, ‘m’ marks the midpoint, and ‘e’marks the end of the
consonant. Blue represents alveolar consonants, and green represents retroflex consonants; darker shades represent stressed consonants, and lighter shades represent unstressed
consonants. For speaker STonly, the palatalized Stressed Retroflex data are shown in brown. Greater x-values denote a more forward articulator position, and greater y-values denote
a higher articulator position. Units are in millimetres.
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Finally, Jaw position is much lower for the Unstressed Retro-
flex than for the other apical categories.

The lateral data for speaker JT show a slightly different pat-
tern. An examination of the boxplots shows some evidence of
the Tip being more forward for alveolars than for retroflexes,
and of the Jaw being lower for the Unstressed Retroflex. By
contrast, there is a clear difference in Tongue Body, with

alveolars being more forward than retroflexes (but no differ-
ences according to stress).

An examination of the GAM results for this speaker confirms
that the Tongue Tip is significantly more back and also higher
for the retroflexes compared to the alveolars (recall that the
GAM considers the entire consonant trajectory across time).
The same is true for the Tongue Body data. However, for the

Fig. 3. EMA data: boxplots for x- and y-position for Tongue Tip, Tongue Body and Jaw for speaker JT; and for Tongue Body and Jaw for speaker ST. Data are sampled at the temporal
midpoint of the consonant. Units are in millimetres.
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Jaw data, the only significant result is for a lower jaw position
for the Unstressed Retroflex.

The GAM results for manner for this speaker show that the
Tongue Tip is significantly more forward (and also lower) for
the nasals and laterals as compared to the stops – this is in line
with the EPG data seen above. The Jaw results show that the
jaw is significantly lower for nasals than for stops, and lower
still for laterals (there are also significant results in the x-
dimension for Jaw).

One final and very important point to note in the xy-plots for
speaker JT is the much greater tongue movement in the retro-
flex articulations than in the alveolar articulation. The retroflex
clearly involves a noticeable forward movement of the tongue
during consonant closure. Another point to note is that there is
evidence that the Jaw is lowest for the Unstressed Retroflex in
all three manners of articulation.

Before we consider speaker ST's data, it is important to note
that analysis of this speaker's results is difficult due to the num-
bers of palatalized versus non-palatalized Stressed Retroflex
tokens. We nevertheless present the data here for the sake
of completeness, noting that the largest number of tokens
are for Stressed Alveolar (dark blue on the xy-plot) and
Unstressed Retroflex (light green on the plot). It should also
be recalled that there are no Tongue Tip data for this speaker).
Nevertheless, it can be seen that (excluding the palatalized
Retroflex, which has the lowest Tongue Body position), the
Tongue Body is lowest and the Jaw highest for the Stressed
Alveolar. This result for the Tongue Body is comparable to
the data for speaker JT, where there was evidence that the
Tongue Body was lower for the alveolars than for the retro-
flexes (although this was clearest for the stop and nasal man-
ners of articulation).

Considering next the nasal manner for speaker ST, the Ton-
gue Body is lowest and further forward for the palatalized api-
cal. Of the non-palatalized apicals, the Unstressed Retroflex
has the most forward Tongue Body position, while the Stressed
Retroflex and the Unstressed Alveolar have the most back

Table 3
EMA GAM results for speakers JT and ST. Tongue Tip, Tongue Body and Jaw results are
presented for speaker JT; and Tongue Body and Jaw results only are presented for
speaker ST. (a) Results according to prosodic place, where the Intercept is Stressed
Alveolar (AlveolarS), with beta contrasts for Unstressed Alveolar, Stressed Retroflex and
Unstressed Retroflex (AlveolarU, RetroflexS and RetroflexU). For speaker ST only, beta
contrasts are presented for the Palatalized Stressed Retroflex as well (RetroflexPal). (b)
Results according to manner, where the Intercept is stop, with beta contrasts for nasal and
lateral. Note that x- and y-data for each articulator were included in the same GAM.

(a)

JT Estimate S.E. z-Value p-Value

TT x (Intercept) 306.1 4.72 64.76 <0.0001
alveolarU �13.4 8.76 �1.52 0.1262
retroflexS 40.3 7.04 5.73 <0.0001
retroflexU 30.0 6.77 4.44 <0.0001

TT y (Intercept) �822.6 3.40 �241.45 <0.0001
alveolarU �0.3 6.32 �0.05 0.9595
retroflexS 19.1 5.07 3.77 0.0001
retroflexU 10.1 4.88 2.07 0.0381

TB x (Intercept) 521.1 3.70 140.57 <0.0001
alveolarU �1.6 6.87 �0.24 0.8080
retroflexS 31.0 5.52 5.62 <0.0001
retroflexU 25.4 5.31 4.79 <0.0001

TB y (Intercept) �749.5 5.29 �141.53 <0.0001
alveolarU 3.0 9.82 0.31 0.7555
retroflexS 22.7 7.88 2.88 0.0039
retroflexU 16.9 7.59 2.23 0.0256

Jaw x (Intercept) �67.7 3.53 �19.19 <0.0001
alveolarU �4.3 6.54 �0.66 0.5049
retroflexS �3.3 5.26 �0.69 0.4879
retroflexU �3.0 5.06 �0.59 0.5501

Jaw y (Intercept) �1718.6 3.20 �536.6 <0.0001
alveolarU �11.4 5.94 �1.93 0.0534
retroflexS 1.4 4.77 0.30 0.7638
retroflexU �19.7 4.59 �4.30 <0.0001

ST Estimate S.E. z-Value p-Value

TB x (Intercept) 151.0 19.18 7.87 <0.0001
alveolarU 90.7 45.67 1.98 0.0468
retroflexPal �2.9 40.70 �0.07 0.9420
retroflexS 17.3 40.70 0.42 0.6690
retroflexU �12.6 32.25 �0.39 0.6939

TB y (Intercept) �1065.0 15.49 68.74 <0.0001
alveolarU 28.5 36.89 0.77 0.4382
retroflexPal �110.9 32.87 �3.37 0.0007
retroflexS 122.4 32.86 3.72 0.0001
retroflexU 54.3 26.05 2.08 0.0368

Jaw x (Intercept) �546.5 11.47 �47.65 <0.0001
alveolarU 34.3 27.30 1.25 0.208
retroflexPal �22.9 24.33 �0.94 0.346
retroflexS 30.3 24.33 1.24 0.212
retroflexU �24.6 19.28 �1.27 0.201

Jaw y (Intercept) �1865.9 15.68 �119.01 <0.0001
alveolarU 46.4 37.32 1.24 0.213
retroflexPal �22.7 33.26 �0.68 0.494
retroflexS �41.3 33.26 �1.24 0.214
retroflexU �30.7 26.36 �1.16 0.243

(b)

JT Estimate S.E. z-Value p-Value

TT x (Intercept) 346.6 5.14 67.40 <0.0001
nasal �32.9 6.72 �4.89 <0.0001
lateral �33.8 7.80 �4.33 <0.0001

TT y (Intercept) �805.4 3.39 �237.29 <0.0001
nasal �9.3 4.43 �2.10 0.0355
lateral �21.3 5.15 �4.15 <0.0001

TB x (Intercept) 540.7 4.33 124.71 <0.0001
nasal �6.7 5.66 �1.19 0.2325
lateral �5.1 6.57 �0.77 0.4368

TB y (Intercept) �738.1 5.29 �139.56 <0.0001
nasal �8.3 6.91 �1.21 0.2247
lateral 15.0 8.02 1.88 0.0601

Table 3 (continued)

(b)

JT Estimate S.E. z-Value p-Value

Jaw x (Intercept) �68.6 3.19 �21.45 <0.0001
nasal �10.4 4.18 �2.49 0.0125
lateral 12.6 4.85 2.60 0.0091

Jaw y (Intercept) �1714.8 3.13 �547.23 <0.0001
nasal �9.7 4.09 �2.38 0.0171
lateral �26.7 4.75 �5.62 <0.0001
ST Estimate S.E. z-Value p-Value

TB x (Intercept) 85.6 19.22 4.45 <0.0001
nasal 111.3 26.99 4.12 <0.0001
lateral 114.7 29.12 3.94 <0.0001

TB y (Intercept) �1136.8 16.33 �69.63 <0.0001
nasal 139.5 22.93 6.08 <0.0001
lateral 135.1 24.74 5.46 <0.0001

Jaw x (Intercept) �587.2 11.90 �49.36 <0.0001
nasal 55.2 16.71 3.30 0.0009
lateral 67.6 18.03 3.75 0.0001

Jaw y (Intercept) �1917.8 16.63 �115.34 <0.0001
nasal 71.9 23.35 3.08 0.0020
lateral 53.4 25.19 2.12 0.0339
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position (with the Stressed Alveolar in between). This pattern is
broadly mirrored in the Jaw articulation, with the addition of
lowering (that is, Jaw becomes lower in the order Unstressed
Alveolar = Stressed Retroflex > Stressed
Alveolar > Unstressed Retroflex = Palatalized Retroflex). It is
clear that the Tongue Body and Jaw work together for the nasal
articulation. However, the reader is reminded that token num-
bers are very low for certain nasal tokens (Unstressed Alveo-
lar, and palatalized and non-palatalized Stressed Retroflex),
so it is not possible to draw firm conclusions for these
consonants.

Finally, the lateral data for speaker ST have broad similari-
ties with the nasal data. However, once again, the issue of
small token numbers arises in this case (for the palatalized
and non-palatalized Stressed Retroflex, and for the
Unstressed Retroflex). The Tongue Body is high and forward
for the Stressed Retroflex, and low but still forward for the alve-
olars. The Unstressed Retroflex and the palatalized Retroflex
are furthest back. These are also the apical categories that
have the highest and most back Jaw position, while Jaw posi-
tion is lowest for the Stressed Retroflex (with the alveolars in
between). The small number of retroflex tokens in all three cat-
egories mean that it is perhaps best not to over-interpret these
results. Broadly speaking, due to the small number of tokens
for speaker ST, it is difficult to be confident as to how general
these observations can be.

An examination of the GAM results for this speaker shows
that the Tongue Body is significantly higher for the retroflexes
(although lower for the palatalized retroflex), with no significant
results for the Jaw. By contrast, there are some significant dif-
ferences according to manner, with a higher and more back
Tongue Body position for nasals and laterals as compared to
stops, but also a higher and more back jaw position. The unu-
sual jaw movement patterning for this speaker has been
remarked upon in previous work (e.g. Tabain, 2012).

To summarize, and based largely on speaker JT's data, it
can be said that the tongue is more forward for the alveolar
consonants, but that there is greater movement of the tongue
for retroflex consonants. There is also evidence that the jaw
is lowest for the Unstressed Retroflex. In general, it appears
that differences between the apical articulations are maximized
for the nasal manner of articulation.

8. Discussion

In summary, alveolars are more likely to have a plateau-like
articulation, with closure and release at similar locations. How-
ever, the exact location of the consonant closure varies greatly
depending on speaker, stress and manner of articulation. The
EMA data suggest an overall more forward positioning of the
front part of the tongue for these sounds.

Retroflexes, by contrast, show a forward movement of the
tongue along the palate, although the exact location for the clo-
sure varies according to stress. The EMA data show much
greater movement of the front part of the tongue for retroflexes
than for alveolars.

Considering now the individual prosodic categories, it can

be said that the Stressed Alveolar often, though not always,
has a higher EPG Centre of Gravity, suggesting a more

forward point of contact compared to the other categories

examined. The Unstressed Alveolar also tends to have a more
forward point of contact, and both the Stressed and the
Unstressed Alveolar tend to show a plateau EPG contact pro-
file. The relative “forwardness” of these two alveolars (i.e.
whether the Stressed or Unstressed Alveolar is more forward)
depends on both speaker and on manner of articulation.

The Unstressed Retroflex is a very stable articulation in
comparison to the other sounds examined here, and clearly
patterns separately from the other categories. It has a much
lower EPG Centre of Gravity than any other category exam-
ined, indicating a much more posterior closure. It has a forward
movement of the tongue during closure. The jaw is low for this
sound, particularly for the nasal manner.

In comparison, the Stressed Retroflex is not a consistent
articulation. There are many differences between speakers
and manners of articulation, and differences as to whether
the sound is produced with a forward movement of the tongue,
or a plateau articulation. There are also many differences in the
exact point of contact along the palate.

With regard to manner, there was clear evidence of more
forward contact overall for laterals, and more forward contact
for nasals than for stops. It therefore appears that retroflexion
may be somewhat incompatible with the requirements of later-
ality. The retroflex closure is realized at a more anterior loca-
tion for the lateral than for the stop or the nasal – and
therefore much closer to the alveolar place of articulation (this
articulatory result is in line with our acoustic impressions for
this language). This more anterior place of articulation for the
retroflex lateral is despite the jaw position being lower for the
lateral than for either the stop or the nasal, which would nor-
mally facilitate retroflexion in the lateral. It is likely that articula-
tory constraints make it difficult to retract the tongue tip into the
post-alveolar or pre-palatal region, whilst maintaining lateral
airflow. This is clearly an area that requires more careful artic-
ulatory modelling.

By contrast, the more anterior contact overall for nasals
may be due to a different articulatory-to-acoustic considera-
tion, namely the possibility that there is an avoidance of con-
tact between the tongue and the lowered velum (since even
an approximation between the lowered velum and an active
articulator would have profound acoustic consequences – cf.
Fant, 1970).

However, there was an impression of a clear contrast
between alveolars and retroflexes for the nasal manner,
despite the more forward contact overall compared to stops.
This suggests that differentiation between alveolars and retro-
flexes is nevertheless less difficult for nasals than it is for later-
als; and that perhaps speakers produce the place contrast
more clearly for the nasal manner given that acoustic cues
may be compromised by preceding vowel nasalization, as
mentioned in the Introduction section. Importantly, in the case
of nasals, a relatively low jaw position may facilitate retroflex
articulation, and this is an important consideration for the alve-
olar~retroflex contrast in nasal consonants. However, the rela-
tive ease of articulation of nasal retroflexes does not translate
into a high acoustic discriminability, with even slight nasaliza-
tion of the preceding vowel potentially compromising the
important VC transition cues to the alveolar~retroflex contrast.
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Indeed, it is possible that speakers exaggerate the retroflexion
of nasal consonants in articulatory studies such as this one,
precisely because of the difficulty in perceiving sounds which
rely on a VC transition. It is clear that further study is needed
to better understand the relationship between preferred articu-
latory strategies and the acoustic output.

Before continuing, we briefly outline results from the ultra-
sound data which are not presented here, but which were
explored in earlier work for this study. The ultrasound data
showed evidence that the Stressed Alveolar has the most pos-
terior placement of the tongue root, and a lower tongue body
compared to the other apical categories. It showed (with the
possible exception of the lateral) a forward movement of the
root during closure, and an upwards movement of the tongue
body, as might be expected in order to achieve a plateau-like
closure. In terms of tongue positioning (based on the ultra-
sound data not presented in this paper), the Unstressed Retro-
flex had a more posterior tongue root than the Stressed
Retroflex (though not as far back as the alveolar), and a slightly
lower tongue body. There was some evidence that the tongue
root and tongue body contract inwards over the course of the
consonant, presumably in order to retract and raise the tongue
tip. In addition, the ultrasound data suggest that the tongue
root may be relatively stable for laterals during consonant clo-
sure. Broadly speaking, these observations supported the
observations from the EPG and EMA data in that the clearest
results were apparent for the Stressed Alveolar and the
Unstressed Retroflex.

8.1. The alveolar~retroflex contrast in stressed versus unstressed
syllables

Overall it is clear that for alveolar consonants, where the CV
sequence provides the most useful cue to place of articulation,
the prototypical articulation is likely to occur before the
stressed vowel. On the other hand, for retroflex consonants,
where the VC sequence provides the most useful cue to place
of articulation, the most prototypical articulation occurs consis-
tently after the stressed vowel.9

This result may be somewhat problematic for a strict view of
featural enhancement or positional faithfulness, since the pro-
totypical alveolar articulation is more likely to be found in a
stressed position, while the prototypical retroflex articulation
is consistently found in an unstressed position (if one works
with CV syllables). These observations are at odds with the tra-
ditional view of positional faithfulness, whereby the most proto-
typical articulation occurs in the stressed syllable, and not in
the unstressed syllable. It is possible that positional faithful-
ness should be modified to consider contextual cues that pre-

serve contrast adjacent to the stressed vowel: in such a view,
the prototypical retroflex does not occur in stressed CV posi-
tion because there are no cues available which need to be par-
ticularly salient to perceive a retroflex. What may be important
for the listener is that the cues to following retroflexion are con-
tained within the stressed vowel.10 In many cases, the stressed
vowel has extra duration (note that this is true of /a/ in Arrernte,
though not of schwa – Tabain, 2016), and such extra duration
may allow for clearer formant cues into the retroflex consonant
(since the VC transition provides the main cues to retroflexion).

Interestingly, the Stressed Alveolar and Unstressed Retro-
flex categories tend to have the largest number of tokens in
any given dataset. It therefore almost seems that there is a
complementary distribution of these apicals into stressed and
unstressed position, although of course this is not absolutely
true given that tokens exist in the other categories as well.
The main exception to this rule is in the EPG data, where there
is a large number of Unstressed Alveolar tokens for the lateral
manner. This most likely reflects the fact that the EPG data are
from continuous speech, rather than isolated words, given that
many grammatical suffixes in Arrernte contain an alveolar lat-
eral. By dint of being suffixed to the root word, these alveolar
laterals are necessarily unstressed (there is no suggestion in
written grammars of iterative or secondary stress in Arrernte
words). It is possible that in the EPG data, some of these suf-
fixed alveolar laterals would have become retroflexed, by vir-
tue of the phonological rule which states that if only a schwa
vowel intervenes between two apicals, the second apical must
be retroflex (see Introduction section above). Although it is true
that this phonological possibility was not controlled for in the
present study, the number of affected tokens is not likely to
be large; and the relatively unstable patterning of the
Unstressed Alveolar data is consistent across both datasets
(EPG and EMA), suggesting that laterals in grammatical suf-
fixes are behaving similarly to laterals in root words (it is also
true for the ultrasound dataset not presented here).

It is noteworthy that the motivation for the present study was
the findings from our previous work on the consonant harmony
process in Arrernte, where the second consonant in an apical-
schwa-apical sequence must be retroflex. This consonant har-
mony is therefore a phonologization of a more general ten-
dency towards having the prototypical retroflex appear in the
post-stress position (given that stress in Arrernte is towards
the left-edge of the word). The apparent contradiction of having
a more prototypical realization in a prosodically weak position
(i.e. unstressed position) is perhaps clarified if one considers a
broader prosodic domain, such as the segments surrounding
the stressed vowel. Indeed, there is a long tradition in the
description of Australian languages of referring to the sound
structures (e.g. phonotactic restrictions, historical processes)
in terms of a phonological word, whose basic form might be
summarized as (C)VC(C)V(C) (cf. Hamilton, 1996, Dixon,
2002, Tabain et al., 2004). Thus the enhanced phonological
opposition alveolar~retroflex is local to the stressed vowel,
and the cues to the opposition are contained within this
stressed vowel – but the stressed vowel's immediate higher
affiliation is to the phonological word, rather than the syllable.
Note that this observation regarding the enhanced opposition

9 An anonymous reviewer suggests that there appears to be a consistent place
opposition of alveolar vs retroflex within the unstressed category, since the unstressed
alveolar shows a consistent plateau articulation whereas the stressed alveolar does not
consistently show a plateau articulation. However, closer examination of Fig. 1 suggests
this is not quite the case – the faint green lines which represent the raw data suggest many
unstressed alveolar tokens which are retroflex-like in their articulation. This is particularly
evident in the lateral data for both speakers, but is also present in the stop and nasal data
(unfortunately some of the green tracks representing unstressed alveolar are overlaid by
the purple tracks representing unstressed retroflex, and so are only visible if the lines are
made thicker and the plot is enlarged). The more qualitative evaluation of the apical data in
Tabain 2009 confirms this variability in unstressed alveolars. It is therefore not quite correct
to say that there is a clear contrast between alveolars and retroflexes within the unstressed
category. 10 We thank Megan Crowhurst for raising this possibility.
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being local to the stressed vowel is true even if one considers
both the pre-stress and the post-stress alveolar to be clearly
alveolar productions – it is primarily the retroflex that is affected
by the positional faithfulness constraint of being post-stress.

It is also possible that the data presented here can be
explained by reference to general properties of articulatory tim-
ing. The salient result in the current study is that, consistently,
the most prototypical retroflex articulation occurs following the
stressed vowel. It may be noted that in English, flapping of
alveolar consonants occurs in a similar environment – namely,
inter-vocalically following a stressed vowel (c.f. Parrell &
Narayanan, 2018, who use MRI data to suggest that prosodi-
cally conditioned durational variation leads to coronal conso-
nant reduction, including flapping). It is therefore possible
that the extra duration of a stressed vowel allows for the artic-
ulatory preparation necessary for a retroflex articulation: the
jaw is lowered in preparation for the tongue tip to be retracted
into the post-alveolar or pre-palatal region. However, it is
important to note here that stressed schwa in Arrernte is not
lengthened (although stressed /a/ is lengthened), and thus
durational variation of the preceding vowel cannot solely
account for the more prototypical retroflex articulation found
after stressed vowels.

Moreover, the English flapping phenomenon is considered
a process of lenition, with a potential loss of contrast between
voiced and voiceless stops in the same environment – it is
therefore not an example of positional faithfulness or articula-
tory strengthening. By contrast, the Arrernte apical contrast is
strengthened in this same environment. It is not entirely clear
how taps or flaps relate to fuller stop articulations in articulatory
terms – they are more lenited in terms of duration, but it is not
clear whether similar gestures are involved in bio-mechanical
terms. More careful studies of articulatory timing may elucidate
the relationship between alveolar stops and taps, and between
retroflex stops and flaps; and they may also elucidate why the
articulatory properties of retroflexion can be transferred across
syllables, thereby rendering retroflexion a word-level prosody
(c.f. Butcher, 2006). Indeed, as noted by Fletcher and
Butcher (2014), exactly how and why retroflexion spreads
across the word in Australian languages is a poorly understood
phenomenon, which given the ballistic nature of the retroflex
gesture may not be explained by perceptual considerations
alone.11

8.2. Manner of articulation and lexical frequency

An observation regarding lexical frequency must be made
based on the tables of tokens presented above, and that is
the relative infrequency of the stop manner of articulation,
and the relative frequency of the sonorant (especially nasal)
manners of articulation. This observation is in line with informal
impressions of lexical frequency in root words (Gavan Breen,
personal communication). This tendency comes through most
clearly in the EPG data, since the word-set used for the EMA

data was designed to illustrate all of the sounds in Arrernte,
and therefore may contain more stop tokens than would nor-
mally occur in running speech. This observation is also in line
with Butcher (2006) remark upon the relatively high proportion
of sonorant consonants in the inventories of Australian Aborig-
inal languages. It therefore seems that this inventory frequency
is extended to lexical frequency, at least in Arrernte.

It may be noted that this observation is not in line with the
frequency of stop, nasal and lateral contrasts in the phoneme
inventories of the world’s languages, as outlined in the Intro-
duction section. It will be recalled that alveolar and retroflex
stops are much more frequent than either alveolar or retroflex
nasals or laterals, and it was suggested that this may at least
partly be due to the very strong tendency for number of nasal
places of articulation in a language to be equal to or lesser than
the number of stop places of articulation in the language. In
order to determine whether the observed pattern of results
for Arrernte is typical of other Australian languages, token
counts were extracted from a large acoustic database of Aus-
tralian languages recorded by Andy Butcher (with additional
Pitjantjatjara and Arrernte recordings made at a later date by
author MT). The databases are based on wordlists designed
to illustrate the sounds of the given language, and therefore
may not be as truly indicative of lexical frequency as a dic-
tionary list or a set of connected speech texts. In addition,
the data are not divided according to lexical stress. Neverthe-
less, as can be seen in Table 4, the patterns for Arrernte in the
acoustic database are consistent with the patterns found in the
present study, with apical stops being much less frequent than
nasals, and laterals also being less frequent than nasals.

It can be seen that for Arrernte and for all the other lan-
guages, alveolars are more frequent than retroflexes. To what
extent this is due to the fact that the alveolar is used to code
the word-initial neutralized apical is not clear. Importantly how-
ever for all languages, nasals are more frequent than stops,
although the pattern is much clearer for the alveolars than for
the retroflexes. Moreover, nasals are usually more frequent
than laterals, although this pattern is a little less clear across
languages. Alveolar laterals are usually more frequent than
alveolar stops, although retroflex laterals are usually less fre-
quent than either retroflex stops or nasals (the notable excep-
tion in this table being Warlpiri).

Although not shown on Table 4, it is not clear that the same
pattern regarding frequency of stops and nasals applies across
the various places of articulation. For the velar place of articu-
lation, stops are much more frequent than nasals; while for the
bilabial place of articulation, stops and nasals are either
equally frequent, or the stop is more frequent in these data-
bases. For the palatal place, the stop is likewise more frequent
than the nasal in these databases; and for the languages
which have a palatal lateral, it is the least frequent palatal man-
ner of articulation. Similarly for the two languages which have a
dental place of articulation (Arrernte and Murrinh-Patha), the
stop is more frequent than the nasal (and in the case of
Arrernte which has a lateral, the dental stop is also more fre-
quent than the lateral). Although it is beyond the scope of this
paper to explore this question further, there is certainly lexical
frequency evidence in these databases to suggest that lateral
places of articulation other than the alveolar are somehow dif-
ficult to produce, and this may account for the much greater

11 Reviewers of a previous version of this paper commented on the propensity for sibilant
consonants to resist variation in different prosodic contexts – e.g. Silbert and de Jong
(2008), Chang and Shih (2015). It is not clear how such work on articulatory invariability of
sibilants across prosodic contexts relates to the present work which shows a more
prototypical realization of retroflexes in a weaker prosodic context, but we mention it here in
order to provide a fuller picture of where our results are situated.
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frequency of the alveolar lateral in the phoneme inventories of
the world's languages (c.f. Dixon, 1980, 2002; Hamilton, 1996).

Table 4 provided some evidence that apical nasals are more
frequent in Australian languages than apical stops, and that
retroflex laterals are the least frequent of the sonorant api-
cals.12 This result relates to another important observation of
the present study, namely that some differences can be noticed
for the apical articulations according to manner of articulation.
As mentioned above, there was evidence that contact for the lat-
erals is more forward on the palate compared to the stops and
nasals. By contrast, differences between alveolars and retro-
flexes seem to be maximized for the nasal manner of articula-
tion, a result which is particularly clear in the EPG and EMA
data.

Overall it can be said that although typological inventories of
phonemes may point to a particular relationship between differ-
ent manners of articulation for any given place, bio-mechanical
considerations of ease of articulation may contribute to the rel-
ative frequency of particular phonemes in the lexicon or in con-
nected speech. In this case, although the stop may somehow
be more “basic” than the nasal, if a particular place of articula-
tion contrast such as the apical contrast in Arrernte is facili-
tated by the nasal manner of articulation, that manner of
articulation may become more frequent in the lexicon of the
language. This suggestion is of course highly speculative,
and does not take into account possible communicative factors
such as acoustic cues in speech perception.

8.3. A marginal phonemic contrast?

Although the alveolar versus retroflex contrast is phonemic
in many languages (especially in Indian and in Australian lan-
guages, as noted in the Introduction), it is often a problematic
contrast. For instance, approximately one-third of the
Henderson (2013) grammar of Arrernte is dedicated to the
apical contrast, and Butcher (2006) raises the possibility of

treating retroflexion as a word-level prosody, instead of a seg-
ment in its own right (see also Breen, 2001). The results
described above for Arrernte are very similar to results
described by Simonsen, Moen, and Cowen (2008) for Norwe-
gian: these authors note that the only consistent aspect of ret-
roflex articulations is that these sounds are produced with the
tongue tip. Retroflexes are not necessarily retracted compared
to alveolars; they do not necessarily show forward movement
during closure; there is not necessarily any bending back of
the tongue tip; and there is much variation according to vowel
context. In Norwegian there is also much more variation across
speakers for retroflexes than alveolars, though it is not clear
that this is the case for Arrernte, where variability in both alve-
olar and retroflex production is noted.

These results for Arrernte and Norwegian apicals are in line
with observations made by Nadeu & Renwick (following Hall,
2009, 2013) regarding marginal phonemic contrasts. Such
contrasts show much inter- and intra-speaker variability. More-
over, speakers are not always consistent when producing the
same word, which Nadeu & Renwick suggest might indicate
a weak phono-lexical representation. Examples of marginal
phonemic contrasts in the world's languages include the mid
vowels (front and back) in the Romance languages French,
Italian, Portuguese and Catalan (as well as the /ɨ ʌ/ contrast
in Romanian), and the contrast between /h/ and /ä/ in English.
There is also phonetic overlap between obstruents and glides
in Castillian Spanish. Thus, although most phonemic contrasts
are supported by many minimal pairs and by salient phonetic
distinctions, others such as the alveolar versus retroflex con-
trast in Arrernte have a low functional load (there are very
few minimal pairs – Tabain, 2009a) and inconsistent phonetic
realization. Such contrasts may be susceptible to merger over
time, since they are weaker and clearly less stable than other
phonological oppositions.

A reviewer raises the question of whether or not there are
fewer minimal pairs involving the alveolar~retroflex contrast
in Arrernte than any other contrast in the language, such as
the dental~palatal contrast. Unfortunately, there are no elec-
tronic resources for Arrernte which can elucidate this question.
It is however important to note that the high level of intra- and
inter-speaker variability for the apical contrast is not seen in
other phonemic contrasts – for instance, productions of the
dental consonants consistently show contact at the front-
most row of the EPG palate, and a relatively flat tongue body
position (based on ultrasound data from six speakers –
Tabain & Beare, 2018). In addition, the palatal consonants con-
sistently show a large amount of contact across the entire
palate (albeit varying according to manner of articulation),
and a very high tongue body position. The large amount of
intra-speaker variability seen in the present and previous
EPG and EMA studies for the alveolar~retroflex contrast,
as well as the large amount of inter-speaker variability seen
in the ultrasound study of six speakers, seems to be unique
to the alveolar~retroflex contrast in this language, and supports
the suggestion that the contrast is marginal in some way
(which does not discount it being phonemic).

In addition, the fact that the stressed retroflex somewhat
resembles the stressed alveolar may account for the presence
of pre-palatalization of stressed retroflexes in Arrernte. If these
two phonemes do not always contrast phonetically before

Table 4
Percentage of alveolar and retroflex tokens in an acoustic database of Australian
languages. The values for any given language add up to 100. Note that the Murrinh-Patha
stop data include voiced and voiceless stops. Murrinh-Patha is a northern Australian
language, whereas the other languages in the table are central Australian languages.

alveolar retroflex

Arrernte stop 15 16
nasal 27 13
lateral 20 09

Murrinh-Patha stop 09 + 15 05 + 06
nasal 31 05
lateral 21 07

Nyangumarta stop 10 14
nasal 23 15
lateral 22 15

Pitjantjatjara stop 16 11
nasal 25 16
lateral 20 12

Warlpiri stop 13 05
nasal 28 17
lateral 18 19

12 An examination of a list of root words in the northern language Kayardild (based on
data from Erich Round) shows that 48% of retroflexes in the list are voiced stops, 5% are
voiceless stops, 43% are nasals, and 5% are laterals. Kayardild therefore also has fewer
retroflex laterals compared to stops or nasals, although the number of nasals and stops are
more comparable. We thank Matthew Gordon for sharing this information.
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stressed vowels, palatalization of the retroflex can be seen a
means to maintaining the phonemic contrast in this context.
It has been suggested that palatalization as a variant of
retroflexion relates to acoustic perceptual factors (i.e. F2 and
F3 are close together for both retroflexes and palatals, with
the spectral prominence being lower in the case of retroflexes
and higher in the case of palatals – cf. New York English pro-
nunciation of “bird”). As was mentioned in the Introduction,
palatalized retroflexes appear to be a clear speech variant,
and it thus seems that Arrernte exploits this acoustic similarity
between retroflexes and palatals to maintain the contrast
between alveolars and retroflexes before a stressed vowel
(note that palatalization of retroflexes does not seem to occur
before unstressed vowels).

9. Conclusion

This study has examined the phonemic alveolar~retroflex
contrast of Arrernte, and has highlighted the important role
played by lexical stress in maintaining this contrast. In sum-
mary, the most prototypical retroflex articulation (with a forward
movement of the tongue during closure, and a low jaw posi-
tion) occurs following the stressed vowel. There is also evi-
dence that the clearest examples of an alveolar articulation
occur in precisely the opposite position, namely before the
stressed vowel – however, this is by no means as clear a pat-
tern as for the retroflex following the stressed vowel. This result
suggests that a lexically stressed vowel, whether it is long or
short, facilitates production of following retroflexes. It also sug-
gests that VC formant transitions in stressed vowels provide
better cues to the retroflex place of articulation, and given that
stressed vowels in Arrernte are not necessarily long vowels, it
also suggests that duration does not necessarily play a role.
Unfortunately, this study was not able to tease out the role of
the preceding vowel on production of the alveolar~retroflex
contrast, and this is left for future work.

This study also highlighted the fact that the apical contrast is
not quite as clearly realized across all three manners of articu-
lation – stop, nasal and lateral. There was evidence that the
contrast was particularly clear for the nasal place of articula-
tion, and it was suggested that this was facilitated by a low
jaw position for the nasal manner, and possibly motivated by
a requirement to clarify the contrast given nasalization of adja-
cent vowels. Nevertheless, this clear articulatory contrast may
be compromised by the presence of incipient nasalization on
the preceding vowel (with the added possibility that the low-
ered velum causes the overall apical contact to be more for-
ward for nasals, despite there still being a clear contrast
between the two apicals). Finally, the articulatory data sug-
gested that retroflexion was particularly problematic for the lat-
eral manner, despite the low jaw position, and it was suggested
that this was due to lateral airflow requirements.

In sum, these results provide some refinement to the
notions of gestural economy and articulatory symmetry, in that
it seems that the same place of articulation is not realized in
quite the same way for different manners of articulation (cf.
Maddieson, 1996, Recasens, 2010). They provide the basis
for a more nuanced understanding of the interaction of manner
of articulation and place, and also of the role of prosodic fac-
tors in the realization of place.
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