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Towards a gestural characterization of liquids:
Evidence from Spanish and Russian

MICHAEL PROCTOR

University of Southern California

Abstract

The production of intervocalic liquid consonants by five speakers of Spanish and
Sfour speakers of Russian was examined using ultrasound. Liquids in both lan-
guages were found to be united by a lower susceptibility to vocalic coarticulation
than coronal obstruents produced in the same environments. Tongue body articu-
lation in the Spanish lateral resembled that of a mid-front vowel; dorsal posture in
the Spanish trill resembled that of a mid-back vowel. Tongue body articulation in
Russian non-palatalized laterals resembled that of a mid-back vowel, and Russian
non-palatalized trills were produced with a dorsal posture resembling that of a
mid-central vowel.

These results are consistent with the hypothesis that coronal liquid consonants
consist of a consonant-like coronal component and an intrinsic vowel-like dorsal
component (Delattre and Freeman 1968, Sproat and Fujimura 1993). Liquid seg-
ments are modeled as recurrent stable constellations in which a tongue-tip gesture
is coordinated with a tongue-body gesture (Browman and Goldstein 1995). Differ-
ences between ‘clear’ and ‘pharyngealized’ liquids are attributed to differences in
dorsal target locations. Rhotic allophony is argued to result from the interaction of
articulatory and aerodynamic factors. Spanish liquid vocalization is modeled as
lenition of tongue tip gestures, and Slavic liquid metathesis as a change in inter-
gestural coupling relationships.

1. Introduction

Rhotics and laterals share several important phonotactic and phonological prop-
erties. In languages which license complex onsets and codas, liquid consonants
often facilitate clusters, and typically distribute adjacent to the syllable nucleus.
Cross-linguistically, both synchronically and diachronically, rhotics and lateral so-
norants participate in many of the same phonological processes, including vocal-
ization, neutralization, metathesis, and dissimilation (Walsh Dickey 1997). Liquid
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consonants are also acquired late, sometimes imperfectly, and in similar ways, by
first- and second-language learners (Dinnsen 1992; Yavas 1998).

Because of the many different types of segments which pattern together in these
ways, it is difficult to define a basis for a universal class of liquids. Different sets
of trills, taps, approximants, fricatives and nasals function as liquids in different
languages, and unlike more canonical major classes, no single phonetic property
is universally shared by all members (Lindau 1985). Capturing the relevant set of
consonants and describing the behavior of its members has proven especially dif-
ficult under feature-based phonological theory (Wiese 2001; Proctor 2009). This
study aims to provide more insights into the commonalities of liquids by address-
ing the following question: why does such a diverse set of segments pattern to-
gether within and across phonologies?

1.1. Gestural commonalities among liquids

Although the quest for a unifying set of acoustic properties has proven elusive
(Ladefoged and Maddieson 1996), a considerable body of evidence suggests that
liquid consonants in some languages might share more in common in the articula-
tory domain. Despite the great diversity in tongue shaping observed among rhotics
(Westbury et al. 1998), Delattre and Freeman (1968) demonstrated that the many
allophones of American English /1] are unified in that they all employ a coronal and
apharyngeal constriction. Cineradiographic studies by Zawadzki and Kuehn (1980)
supported the characterization of American English [1/ as a coronal-pharyngeal
approximant, and Gick et al. (2003) found that English /1/, despite its great varia-
tion, is invariably produced with three components: a labial, an anterior lingual,
and a tongue root gesture.

Giles and Moll (1975) found lingual dorsum shape to be constant across allo-
phones of American English /I/, with dorsal contours similar to those observed in
vowels. In an EPG study on the vocalization of syllable-final /I/ in Southern British
English, Hardcastle and Barry (1989) concluded that dark /l/ is defined by two
articulatory components, each with a corresponding acoustic correlate. Sproat and
Fujimura (1993) found that American English [/ behaves as a complex segment
consisting of two coordinated gestures: a vocalic dorsal gesture and a consonantal
coronal gesture; clear/dark allophony in English /l/ is argued to result from gestural
timing differences, as well as the “greater retraction and lowering of the tongue
dorsum” observed in darker variants of /1/.

1.2. Articulatory characterization of liquids

While numerous studies have addressed the individual phonetics of laterals and
rhotics, relatively little investigation has been conducted into the common pho-
netic properties of liquids. An MRI study of American English (Gick et al. 2002)
revealed that [1] and [1] are both produced with coronal and dorsal components,
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and that the dorsal constriction in these liquids strongly resembles those of vowels
([A] and [o], respectively). Gick et al. (2006) identified some common tendencies
in Salish, Serbo-Croatian, Korean, Mandarin and English, where post-vocalic lig-
uids were found to have a measurable dorsal constriction, and multiple simultaneous
gestures were observed during the production of liquids in intervocalic positions.

The bulk of the phonetic data on liquids has been obtained from American En-
glish speakers, yet from a typological perspective, the liquid system of English is
atypical. Only 7% of languages surveyed by Maddieson (1984) use an approximant
rhotic, while tongue-tip trills occur in 55% of languages which use at least one
rhotic. English also uses a smaller set of liquids than many languages: 18% have
at least two rhotics, and 31% contrast more than one lateral phoneme (Maddieson
1984). Because of the tremendous cross-linguistic variety in the number and type
of segments which function as liquids, a better understanding of the phonetic sim-
ilarities and differences between these consonants is critical to a proper under-
standing of the nature of the class. To begin to address this deficit, this study pres-
ents articulatory data obtained from speakers of two languages with diverse liquid
inventories: Spanish and Russian.

1.3. Investigating consonant production using coarticulation

It has long been observed that the phonetic properties of consonants are influenced
by the surrounding vowels (Liberman et al. 1954; Menzerath and de Lacerda
1933). This phenomenon of vocalic coarticulation can be exploited experimentally
to provide insights into the phonetic characterization of consonants. By eliciting
consonants in a variety of phonological environments, and identifying regions of
articulatory stability, we are able to seek patterns which characterize their produc-
tion (Ohman 1966; Recasens and Pallarés 1999).

The central hypothesis being examined in this study is that coronal liquid con-
sonants are characterized by more global constraints on tongue shaping than
coronal obstruents. 1f liquid consonants, like other coronals, are characterized
primarily by their tongue tip gestures, we should expect to see the same degree of
variation in their dorsal articulations across different environments as we observe
among coronal obstruents. Alternatively, if the goal of production for a liquid con-
sonant includes an intrinsic dorsal gesture, we would predict that this consonant
should exhibit a higher degree of resistance to vocalic coarticulation than a coronal
obstruent elicited in the same environment.

2. Investigation of Spanish liquid articulation
Spanish has a system of three liquid consonants /r-r-1/ which share many phono-

logical properties. The two rhotics are contrastive intervocalically, but neutralize
in other environments, where they exhibit varying degrees of allophony (Hualde
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2005). Phonotactically, rhotics and laterals occur in codas with greater frequency
than most segments (Proctor 2009), and uniquely facilitate complex onsets in
Spanish. Diachronically, synchronically, and during acquisition, laterals and
rhotics together participate in a variety of phonological processes, including sub-
stitution, dissimilation, and metathesis (Lipski 1994; Quilis 1999). Liquids are
especially susceptible to phonological processes in coda environments, where they
tend to vocalize, spirantize, neutralize with each other, and assimilate with adja-
cent consonants (Jiménez Sabater 1975; Hualde 2005). The aim of this study is to
investigate whether the class-like behavior of Spanish liquids might arise from
common phonetic properties, consistent with the articulatory characterization of
liquids in English and other languages.

Although the mechanics of trill production have been described in detail (Cat-
ford 1977; McGowan 1992; Solé 2002), the way in which the trill is differentiated
from the tap in Spanish is unclear. Static palatographic tracings by Navarro Tomas
(1970) show remarkably similar patterns of lingual contact for /¢/ and /r/. Investi-
gating a similar contrast in Catalan, Recasens and Pallarés (1999) concluded that
“the tongue body is subject to a higher degree of constraint during the production
of the trill than the tap”. Recasens (1987) concluded that trills and dark laterals
were more resistant to coarticulation because these consonants involve “a velariza-
tion gesture”, unlike [r] and clear [1]. Spanish [1] is characterized by a relatively
high second formant frequency (Quilis 1963), which has been shown to be in-
versely correlated with degree of velarization or pharyngealization (Fant 1960;
Recasens 2004). X-ray studies of Castilian Spanish laterals (Quilis 1963; Martinez
Celdran 1984) show that the back of the tongue assumes a lower posture than that
observed during lateral production in English and Russian, consistent with the
characterization of Spanish [1] as a clear lateral (Lipski 1994; Recasens 2004).

If trills, but not taps, are produced with a dorsal gesture, this raises the question
of how taps differ phonetically from coronal obstruents. Likewise, if the clear
laterals of Spanish differ from English, Russian and Catalan [1] in that they lack a
dorsal gesture, they might also be expected to display similar phonetic properties
to the coronal obstruents which are not observed in the production of the trill. In
the experiments described below, dorsal articulation of Spanish liquids will be
examined in detail to provide further insights into these issues.

2.1. Method

A high-speed ultrasound study was conducted to compare liquid and coronal ob-
struent articulation by speakers of Latin American Spanish. The voiced Spanish
‘stop’ /d/ is realized with varying degrees of spirantization in intervocalic position
by different speakers of different varieties of Spanish — allophony which has
variously been analyzed as yielding fricatives (Harris 1969; Mascar6 1984) or
approximants (Romero 1995; Ladefoged 2001). Nevertheless, the consonant /d/
serves as a suitable control segment for this study in that we can assume its goals
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Table 1.  Spanish-speaking study participants.

Subject Age Hometown Spanish Variety Time in US
Wi 21 Guaynabo Puerto Rican 3.5 years
w2 20 Quito Ecuadoran 19 years
W3 20 Miami, USA Cuban 20 years
W4 19 Santo Domingo Dominican 15 years
M1 25 Managua Nicaraguan 15 years

of production to be purely coronal, regardless of constriction degree. Because we
can expect the tongue body to be maximally coarticulated with context vowels
during the production of /d/, a comparison of dorsal articulation during the produc-
tion of liquid consonants will provide important insights into their intrinsic articu-
latory properties.

2.1.1. Subjects. Five native speakers of Latin American Spanish — four female
(W1-W4) and one male (M 1) — participated in the experiment (Table 1). Speakers
of different Spanish varieties were recruited so that a range of dialectal variation in
the rhotics could be examined. Although four subjects had lived most of their lives
in the United States and classify themselves as bilingual speakers of Spanish and
American English, all subjects were raised in Spanish-speaking domestic environ-
ments and associate regularly with Spanish-speaking communities dominated by
speakers of their variety. All participants were first screened for fluency through
interviews with a native speaker of Spanish, and for Spanish literacy by practicing
the experimental task described below. Subjects were paid for their participation,
and naive as to the purpose of the experiment.

2.1.2. Stimuli. Spanish coronal consonants were elicited in three antagonistic
intervocalic environments using the words listed in Table 2. Stimuli were spoken
as isolated words, presented in ten-word blocks. The entire corpus was elicited
three times from each subject, and the two utterances which imaged most clearly
were selected for analysis.

2.1.3. Data acquisition. The Haskins Optically-Corrected Ultrasound System
(HOCUS) was used to image the tongue in the midsagittal plane at a frame rate of
127 Hz and correct the lingual images for head movement (Whalen et al. 2005).
Synchronous 22,000 Hz acoustic recordings were made using a headset-mounted
Sennheiser microphone. Every third ultrasound frame within each speech segment
of interest was exported as a JPEG image file, resulting in a sequence of video
frames representing tongue motion throughout the token with an effective sam-
pling rate of 42.3 frames per second.

For most tokens, a clear image extending from the mandible shadow to the
hyoid shadow was obtained, providing a dynamic profile of the midsagittal tongue
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Table 2.  Elicitation items: Spanish coronal consonants.

Prompt Gloss IPA Target Environment
ere ‘the letter r’ [‘ere] [t/ [e e]
erre ‘the letter rr’ [‘ere] It/ [e e]
ele ‘the letter I’ [‘ele] /I [e €]
hede ‘it stinks’ ['ede] /d/ [e e]
para ‘for’ ['para] [t/ [a a]
parra ‘vine’ ['para] It/ [a_a]
pala ‘spade’ ['pala] i [a_a]
capada ‘castrated (1.)’ [ka'pada] /d/ [a_a]
guru ‘guru’ [gu'ru] Il [u_u]
acurruca ‘he curls up’ [aku'ruka] It/ [u_u]
pulula ‘it swarms around’ [pu'lula] /I [u_u]
vuda ‘Voodoo’ [bu'du] /d/ [u_u]
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Figure 1. Midsagittal lingual articulation of Spanish coronal obstruent and trill in low intervocalic
context by subject M1. Left panel: token [ada]; Right panel: token [ara]. Each curve shows
the location of the midsagittal tongue edge at one point in time. Temporal origin corre-
sponds to the midpoint of consonantal articulation. Axes indicate distance (mm) from an
arbitrary origin located near the base of the nose. Arrows indicate broad trajectories of
tongue blade and dorsum.

edge from the alveolar ridge to the mid oropharynx. Tongue edges were automati-
cally identified within each ultrasound frame using EdgeTrak software (Li et al.
2005) and manually corrected where necessary. Curves defining tongue edges were
exported as sets of cartesian coordinates representing locations in the midsagittal
plane, and all subsequent processing and analysis of lingual activity was performed
in Matlab (The MathWorks Inc. 2007).

2.2. Results and analysis
2.2.1. Dynamic articulation of coronal consonants. Articulation of the tokens

[ada] and [ara] by subject M1 is illustrated in Figure 1. Sequences of tongue edges
extracted at 23.62 millisecond intervals are superimposed to depict lingual move-

AUTHOR’S COPY | AUTORENEXEMPLAR



AUTHOR’S COPY | AUTORENEXEMPLAR

Towards a gestural characterization of liquids 457
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Figure 2. Midsagittal articulation of the three Spanish liquids in a low intervocalic context — subject
MI. Left: [ala],; Center: [ara]; Right: [ara].

ment, beginning at the acoustic midpoint of the pre-consonantal vowel, and ending
at the acoustic midpoint of the post-consonantal vowel. In all figures showing mid-
sagittal articulatory data, the left of the figure corresponds to the front of the vocal
tract (alveolar ridge), and the right of the figure corresponds to the back of the
vocal tract (back of the tongue and upper pharynx). All axis values indicate dis-
placement in millimeters from an arbitrary origin defined for each experimental
session.

While the direction and orientation of tongue blade movement is similar for
both consonants, movement of the tongue body differs between /d/ and [r/. During
the production of the trill, in contrast to the obstruent, the tongue body moves up
and forward — away from the articulatory target of the context vowel — which sug-
gests that this movement is intrinsic to the consonant. Dorsal advancement can
also be observed during the production of tokens [ala] and [ara]. The similarity of
the dynamic lingual activity during the production of the three liquids can clearly
be seen in a side-by-side comparison of a lateral, tap and trill produced by subject
M1 in a low vowel context (Figure 2).

Articulation of /d/ in a front vowel context is illustrated in Figure 3 (top left).
Throughout the production of the obstruent, the back of the tongue remains more
advanced than was observed in the [a_a] context. The dorsum begins and ends in
a posture corresponding to the front vocalic target constriction, but lowers mid-
production as the tongue elongates to achieve coronal closure. Articulation of a
trill in the same environment (Figure 3, top right) involves dorsal raising and
retraction — activity which differs from that observed during obstruent production
because the movement is away from the mid-front vocalic constriction target.

The lateral and the tap are both characterized by a remarkable amount of stabil-
ity of the back of the tongue and the entire dorsum during production in the [e _e]
context (Figure 3, bottom). No tongue body lowering was observed during the
production of any of the liquids. In each case, dorsal behavior is counter to that
which would be expected if the tongue body was uncontrolled (lowering as a result
of coronal extension, as observed in the obstruents).

The same characteristic patterns of tongue movement described above for Sub-
jects M1 and W1 were observed in coronals produced by all five subjects, despite
their diverse realizations of some of these consonants. /d/, for example was pro-
duced with varying degrees of lenition and frication (W1, W2: most prototypically
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Figure 3. Midsagittal articulation of the three Spanish liquids in a low intervocalic context — subject
M]. Left: [ala]; Center: [ara]; Right: [ara].

stop-like, M1 more approximant-like; W3, W4: heavily spirantized), while the
rhotics were produced with variable tongue tip oscillation and degree of assibila-
tion (W1 showed no rhotic frication; W2, W3 & M1 assibilated some trills; all
intervocalic trills produced by W4 were heavily fricated).

2.2.2. Dorsal articulation of Spanish consonants. To examine their articulatory
goals, tongue shapes of consonants produced in different vocalic contexts were
compared directly. For each VCV token, the midsagittal lingual profile was cap-
tured at three points in time: (i) the acoustic midpoint of the pre-consonantal
vowel; (ii) the midpoint of the consonantal interval; and (iii) the acoustic mid-
point of the post-consonantal vowel. Acoustic landmarks were located manually
by inspecting the spectrograms of each utterance (Figure 4). Tongue edges were
extracted at each of these points in time from three different tokens — one for
each vowel context: [e e], [a a] and [u u] — and superimposed on the same plot
(Figure 5).

2.2.3. Quantifying vowel-consonant coarticulation. The behavior of the tongue
dorsum was examined by finding the apex (maximum vertical displacement) of
each curve defining a tongue edge. Three such points were identified across tokens,
corresponding to dorsal postures in the [e_e] context, [a_a] context and [u_u] con-
text, at equivalent points in time. The area of a triangle constructed between the
three points was calculated using the equation shown in (1) as a means of quantify-
ing gross dorsal positional differences between vocalic contexts for each conso-
nant, at each point of time.

Ae—a—u = %|xe-yu T XeVa T XgVe T XV T Xy Vo xu-ye| (1)
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Figure 4. Location of acoustic landmarks in spectra of Spanish intervocalic consonants: (i) pre-
consonantal vowel,; (ii) mid-consonant,; (iii) post-consonantal vowel. (Depicted: [ede],

Subject W1).
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Figure 5. Midsagittal lingual articulation of Spanish coronal consonants in three intervocalic

contexts — subject W1. Top row: obstruent; 2nd row: lateral; 3rd row: tap; 4th row: trill;
Left: pre-consonantal vowel; Center: mid consonant; Right: post-consonantal vowel.
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Figure 6. Mean normalized coarticulatory dorsal spread. intervocalic Spanish coronal consonants
(VCV sequences), all subjects. Left: mean dorsal spread across pre-consonantal vowels;
Centre: mean dorsal spread, mid consonant; Right: mean dorsal spread in post-consonantal
vowel.

The small area of the triangle constructed between the lingual apices of the trill
(Avw = 6.49 mm?: Figure 5, bottom center) demonstrates that it is produced with a
more consistently controlled dorsum which is less susceptible to coarticulatory
effects. In contrast, the much larger area of the lingual apex triangle in the coronal
obstruent (Aysy = 107.35 mm?: Figure 5, top center) indicates that it is produced
with a greater variety of dorsal postures, depending on the context vowel.

Cross-vocalic dorsal spreads for Spanish coronal consonants, calculated using
this method for all five subjects, are given in the Appendix. In order to be able to
compare susceptance to vocalic coarticulation across subjects, area metrics were
normalized by dividing by the maximum dorsal spread for each subject. Mean
normalized dorsal spreads for each coronal consonant are plotted in Figure 6. Two
main effects can be observed:

i.  the effect of vocalic coarticulation (as measured by dorsal spread) is greater
during the production of obstruents than liquids

ii. the effect of consonantal coarticulation on the post-consonantal vowel is
greater for liquids than obstruents

To examine these observations more closely, two tests were conducted:

i.  aone-way analysis of variance test of the null hypothesis that dorsal coarticu-
latory effects (as measured by the differential dorsal displacement data) are
the same for Spanish coronal obstruents and liquids

il. atwo-sided Wilcoxon rank sum test of the null hypothesis that the differential
dorsal displacement data for obstruents and liquids are independent samples
from identical continuous distributions with equal medians, against the alter-
native that they do not have equal medians

The results of these tests are shown in Table 3. Both tests reject the null hypoth-
esis (p < 0.05) that coarticulatory differences in dorsal articulation do not differ for
obstruents and liquids during mid- and post-consonant production (second and
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Table 3.  Effect of dorsal spread by consonant class — Spanish obstruents vs. liquids. Ist column:
dorsal coarticulatory effects do not differ among pre-consonantal vowels; 2nd column:
coarticulation differs mid-consonantally; 3rd column: coarticulation differs among post-
consonantal vowels.

Test Vl1-obs = Vl-liq C-obs = C-liq V2-obs = V2-liq
ANOVA 0 (p=0.5929) 1 (p=0.0022) 1 (p=0.0073)
Rank Sum 0 (p=0.3827) 1 (p=0.0068) 1 (p=0.0291)

2
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Figure 7. Mean locations of Spanish liquid dorsal targets with respect to estimated schwa. Diamonds:
intervocalic laterals; Crosses: intervocalic taps, Circles: intervocalic trills. Dashed lines
indicate mean dorsal displacement (mm) from pre-consonantal vocalic center (origin).

third columns). The same tests also accept the null hypothesis that coarticulation
does not differ between obstruents and liquids during the production of the pre-
consonantal vowel (first column), which suggests that anticipatory coarticulation
of consonants was minimal. The most important conclusions to be drawn from this
analysis are that there is a categorical difference in the susceptance to vocalic
coarticulation between the Spanish coronal obstruent and the liquids, and that this
difference persists into the post-consonantal vowel.

2.2.4. Location of liquid dorsal gestures. We can estimate the relative locations
of the gestural targets for Spanish liquid consonants by calculating mean dorsal
displacement across a range of phonological environments. For each superimposed
set of tongue edges, the center of gravity of the triangle connecting dorsal apices
in different vowel contexts was calculated to provide an estimate of the dorsal
target for each of the liquids. For subject W1, for example, the center of dorsal
convergence for the lateral (x = 32, y = =32 mm: Figure 5, center row 2) is located
16 mm anterior to that of the trill (x =47, y =30 mm: Figure 5, center row 4).
Centers of gravity were also calculated for triangles connecting lingual apices of
the pre-consonantal vowels, to locate a point in the center of the articulatory space
roughly corresponding to the location of a schwa. Mean displacements to intervo-
calic liquid dorsal targets from this vocalic center (Table 12) are plotted in Figure
7. The data are consistent with the conclusion drawn from the tongue movement
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data that the dorsal targets of the Spanish lateral and tap are anterior to that of the
trill, but also reveal variation in dorsal articulation among tokens and speakers,
especially for the tap.

2.3. Conclusion — Spanish coronal consonants

Analysis of the consonants /d/, 1/, [¢/ and [r/ produced in intervocalic position by
the five Spanish speakers in this study has revealed the following:

i.  the trill, lateral and tap are all produced with significantly less variation in
dorsal articulation than /d/

ii.  the trill, lateral and tap all have a significantly greater coarticulatory effect on
the post-consonantal vowel than /d/

iii. the dorsal target of the lateral is anterior to that of the trill, and resembles that
of the mid-front vowel [e/

iv.  the dorsal target of the trill is posterior to and typically above that of the lat-
eral, and resembles that of the mid-back vowel /o/

v.  the dorsal target of the tap lies between that of the lateral and the tap, and is
typically located in the region of the mid-central vowel [o/

The conclusion to be drawn from this study is that Spanish liquid consonants
share the common property that their production involves a dorsal component — a
characteristic which differentiates them from the coronal obstruent /d/, which is
produced with a coronal gesture only. It is important to note that these data do not
provide any information about articulation away from the midsagittal plane —
information which is obviously important to our understanding of differences
between laterals and rhotics. Furthermore, the dorsal stability detected using this
method might result from different phonetic factors in different consonants —
vowel-like gestural targets in some cases, or dorsal bracing for aerodynamic goals
in others, for example (Spaji¢ et al. 1996; Solé 2002). These issues will be ad-
dressed further in §4; the critical observation to be made here is that for all five
Spanish speakers examined in this study, the dorsum is more stable and convergent
during liquid production than during coronal obstruent production.

These findings are consistent with earlier studies showing that Spanish laterals
are produced with an advanced dorsum (Quilis 1963; Straka 1965; Martinez
Celdran 1984); however, the ultrasound data suggest that this is the result of an
intrinsic lingual target, rather than the absence of a dorsal gesture — a characteriza-
tion which would not be observable from palatographic data, which provides no
information about regions of the tongue which do not come into contact with
the roof of the mouth. The results of this experiment offer further support for the
hypothesis that liquids are characterized by the global coordination of lingual
gestures.
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3. Investigation of Russian liquid articulation

Russian is a language of particular interest in the study of liquids because its con-
sonantal phonology is distinguished by typologically unusual phonotactics, and
contrastive palatalization. Because the distinction between palatalized and non-
palatalized phonemes affects all types of consonants in Russian, it represents an
important test for the hypothesis that liquids differ from obstruents in terms of their
gestural constituency.

3.1. Contrastive palatalization in Russian

A characteristic feature of Russian consonantal phonology is that most sounds
have both a palatalized (‘soft”) and a non-palatalized (‘hard’) form, each of which
is considered to be a distinct phoneme (Timberlake 2004). The two trills, for ex-
ample, are contrasted word-medially in mapan [pa'rat] ‘parade’ and napsin [na'riat]
‘costume’, and the two laterals word-initially in sxyx [luk] ‘onion’ and mok [liuk]
‘hatch’. The difference between these ‘mutable pairs’ of consonants is typically
described as one of secondary articulation (Jones and Ward 1969; Catford 1988);
however, it is not only the palatalized consonants which are considered to involve
a secondary articulation; the ‘plain’ consonants are commonly described as velar-
ized (Reformatskii 1958; Ohman 1966; Trubetzkoy 1969), or pharyngealized
(Bolla 1981).

Although the acoustic manifestation (Halle 1959; Purcell 1979) and perceptual
salience (Kochetov 2006; Kavitskaya 2006) of the Russian palatalization contrast
has been well documented, the articulatory basis of this distinction is unclear.
Fant (1960) proposed that the formant trajectories associated with Russian non-
palatalized (coronal) consonants (lowered F2, raised F1) result from the approxi-
mation of the back of the tongue to the back wall of the pharynx. Yet midsagittal
x-ray data (Bolla 1981) show different patterns of dorsal articulation among non-
palatalized consonants, and Kochetov (2005) demonstrated “substantial articula-
tory asymmetries between the Russian (hard/soft) lateral and rhotic contrasts,”
using EMA. In an MRI study of Russian consonant pairs, Kedrova et al. (2008)
concluded that soft consonants are produced with a similar articulatory pattern, but
“position and form of the tongue shape and body characteristic for every hard
consonant highly depend on its role in the entire sound system.” Reviewing spec-
tral and x-ray evidence, Ladefoged and Maddieson (1996) suggest that only the
non-palatalized lateral should be classified as velarized in Russian.

In summary, it is not well understood whether Russian non-palatalized con-
sonants are consistently and contrastively velarized, and if so, what the precise
dorsal gestural target is. A major limitation of the existing literature is that dynamic
articulation of Russian hard/soft consonant contrasts has not been systematically
examined in multiple vowel contexts by multiple speakers (although see Iskarous
and Kavitskaya 2010). Since we cannot describe the goals of liquid production
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Table 4.  Russian-speaking study participants.

Subject Age Hometown Time in US
M1 24 Kadamjay, Kyrgyzstan 2 years

W1 32 Kiev, Ukraine 7 years
w2 23 Bishkek, Kyrgyzstan 6 months
W3 24 Zelenograd, Russia 16 years

without also understanding the ways in which similar pairs of consonants are con-
trastively articulated, the articulation of two types of Russian coronal segments —
liquids and stops — will be compared. If Russian non-palatalized consonants are
intrinsically velarized or pharyngealized, we would expect to find evidence for a
dorsal gestural component in all non-palatalized consonants, including obstruents.

3.2. Method

An ultrasound study was conducted to examine the articulation of Russian liquids
[r/-[ti]-[1/-]1i] and coronal stops /d/-/di/. Data were acquired using the same method
described in Section 2.1.

3.2.1. Subjects. Four native speakers of Russian — three female and one male —
participated in the experiment (Table 4). All subjects were born in the Soviet Union
or Russian Federation, and raised in an environment in which standard Russian
was spoken. Two subjects (M1, W1) are L1 speakers of Russian with varying de-
grees of competence in English as a second language. Subject W2 is an L1 speaker
of Russian, an L2 speaker of Kyrgyz, and has some competence in English as a
third language. Subject W3 is a bilingual speaker of Russian and American En-
glish. All participants were initially screened for fluency in Standard Russian by
interviewing with a native speaker, and for Russian literacy by practicing the ex-
perimental task described below. Subjects were paid for their participation, and
naive as to the purpose of the experiment.

3.2.2. Corpora. Because no maximally-balanced word set could be found in
which the targeted coronal consonants were minimally contrastive, Russian coro-
nal consonants were elicited using pseudo-words presented in Cyrillic orthogra-
phy. Each consonant was elicited in three different intervocalic environments:
front [e_e], back [u_u] and low [a_a] (Table 5).

Stimuli were presented in six-word blocks organized by consonant. Subjects
independently and spontaneously produced each word as a spondaic foot. The
entire corpus was elicited three times from each subject, and the two utterances
which imaged most clearly were selected for analysis.
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Table 5. Russian coronal consonants: Elicitation items, phonological forms, and target segments.
Token IPA Target Token IPA Target Token IPA Target
2p3 [ere] It/ EVE) [ele] N1/ 3 [ede] /d/
apa [ara] It/ ana [ala] i ama [ada] /d/
ypy [uru] Il yy [ulu] i yay [udu] /df
ape [erie] It/ e [elie N/ a1e [edie] /d/
apst [aria] It/ ans [alia] i amst [adia] /d/
ypio [uriu] It/ yimo [ubu] M yao [udiu] /df
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Figure 8. Midsagittal articulation of Russian non-palatalized coronal stop — subject W3. Top row:

[ada]; Bottom row: [ede]; Left: formation; Right: release.

3.3. Results and analysis

3.3.1. Articulation of non-palatalized stops.  Articulation of the token [ada] by a
female speaker of Russian is illustrated in Figure 8 (top row). The closure sequence
— ten frames beginning at the mid-point of the pre-consonantal vowel (—213 ms)
and ending at the point of coronal contact (0 ms) — is illustrated in the left panel.
Consonantal release into the post-consonantal vowel (0 to 189 ms) is shown on the
right. The tongue dorsum begins and ends in a retracted position corresponding to
the pharyngeal articulation of the context vowel [a/. During coronal closure, the
dorsum is pulled forward and allowed to drop, but the back of the tongue retains a
lowered, retracted posture throughout.
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Figure 9. Midsagittal articulation of Russian non-palatalized trill — subject W3. Top row: [ara]; Bot-
tom row: [ere]; Left: formation, Right: release.

Articulation of the coronal stop by the same speaker in a front vowel context
[ede] is illustrated in Figure 8 (bottom row). Throughout the whole sequence, the
tongue dorsum remains in an advanced position corresponding to the wide palatal
target of the context vowel. As observed in the back vowel context, the dorsum
lowers and fronts during stop formation — a total displacement of 9 mm in the
direction dictated by the requirements of the coronal closure. Similar patterns of
articulation were observed in the other vowel contexts, and for all four subjects. In
summary, all tongue body movement observed during the production of intervo-
calic Russian voiced coronal stops was consistent with one of two articulatory
goals: maintaining the dorsal posture associated with the context vowel, and
achieving coronal closure.!

3.3.2. Articulation of non-palatalized rhotics. During formation of the non-
palatalized trill (Figure 9, top left), the anterior lingual dorsum fronts to a raised,
mid-oral position, while the posterior lingual dorsum advances slightly into a sta-
ble posture which is maintained throughout. The subsequent stage of the produc-
tion sequence is characterized by a remarkable degree of dorsal stability, during
which the body of the tongue maintains a raised, advanced posture which is an-
tagonistic to the pharyngeal target constriction of the context vowel (Figure 9, top
right). Trill articulation in a front vowel context (Figure 9, bottom row) exhibits
dorsal motion in the opposite direction to that observed during the production of
the stop in the same environment. The apex of the tongue dorsum retracts (and
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Figure 10. Midsagittal articulation of Russian non-palatalized lateral — subject W3. Top row: [ala];
Bottom row: [ele]; Left: formation; Right: release.

raises) 10 mm during trill formation by subject W3, and similar patterns of lingual
movement were observed for the other four subjects. Since this movement is coun-
ter to that required for context vowel articulation or coronal closure, it suggests
that the tongue dorsum is being actively recruited in the production of the trill.

3.3.3. Articulation of non-palatalized laterals. Even greater dorsal independence
can be observed in the production of the Russian /l/. Articulation of the posterior
lateral constriction involves dorsal raising and retraction in a low vowel context
(Figure 10, top), and dorsal retraction (21 mm) towards an uvular-pharyngeal tar-
get can be observed when the lateral is produced in a front vowel context (Figure
10, bottom row). Similar patterns of production were observed for laterals pro-
duced by all four subjects.

3.3.4. Mid-consonantal dorsal articulation. Using the technique described in
Section 2.2.2, tongue shapes of Russian non-palatalized consonants produced in
different vocalic contexts were compared, to provide further insights into the na-
ture of the dorsal constriction intrinsic to the consonant. Midsagittal lingual pro-
files extracted at three points in time during two productions of /d/-/l/-/r/ by subject
W3 in vowel contexts [e e], [a_a] and [u_u] are superimposed in Figure 11.
Midconsonantal dorsal articulation of both liquids, but not the stop, converges
towards a central location. Centers of gravity were calculated using the same
method described in Section 2.2.3, and used to provide an estimate of the mean
dorsal target for each of the liquids (Table 16). Mean displacements of intervocalic
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[ada]

A(e-a-u) = 138.1 mm?

le] /= [ulu}
-30 \ //;e\
o [a] [ala [a]
-60 A(e-a-u) = 7.2 mm?
2 [uru]
- [are
-« [ara]

A(e-a-u) = 10.6 mm?
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Figure 11.  Midsagittal lingual articulation of Russian non-palatalized consonants in three intervo-
calic contexts — subject W3. Top row: stop; 2nd row: lateral; 3rd row: trill; Left: pre-
consonantal vowel; Center: mid consonant; Right: post-consonantal vowel. Tongue edges
extracted from two utterances of each token are plotted in each panel.
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Figure 12.  Mean locations of Russian non-palatalized liquid dorsal targets with respect to estimated
‘schwa’. Diamonds: intervocalic laterals; Circles: intervocalic trills. Dashed lines indi-
cate mean dorsal displacement (mm) from pre-consonantal vocalic center (origin).

liquid dorsal targets from the estimated vocalic center are plotted in Figure 12. The
data show that the mean dorsal target of the trill is located in the vicinity of a mid-
central vowel, anterior to that of the lateral, which is located in the vicinity of a
mid-back vowel.?
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Figure 13.  Mean normalized coarticulatory dorsal spread: Russian non-palatalized coronal
consonants — all subjects. Left: mean dorsal spread across pre-consonantal vowels in VCV
sequence; Center: mean dorsal spread, mid consonant; Right: mean dorsal spread in post-
consonantal vowel.

Table 6. Effect of dorsal spread by consonant class — Russian non-palatalized stops vs. liquids. 1st
column: dorsal coarticulatory effects do not differ among pre-consonantal vowels; 2nd col-
umn: coarticulation differs mid-consonantally; 3rd column: coarticulation differs among
post-consonantal vowels.

Test Vl1-obs = Vl-liq C-obs = C-liq V2-obs = V2-liq
ANOVA 0 (p=0.2563) 1 (p=0.0013) 1 (p=0.0284)
Rank Sum 0(p=0.2573) 1 (p=0.0020) 1 (p=0.0156)

3.3.5. Quantifying vowel-consonant coarticulation. The effect of vocalic coar-
ticulation on Russian non-palatalized consonantal production was estimated using
the method described in Section 2.2.2. Cross-context dorsal spread for Russian
non-palatalized coronal stops and liquids is given in Appendix A. To compare
susceptance to vocalic coarticulation across subjects, area metrics were normal-
ized with respect to the maximum dorsal spread for each subject. Mean normalized
dorsal spreads for each coronal consonant are plotted in Figure 13.

As with the Spanish intervocalic coronal consonants, two main effects can be
observed in these data: (i) the effect of vocalic coarticulation is greater during the
production of stops than liquids; and (ii) the effect of consonantal coarticulation on
the post-consonantal vowel appears to be greater for liquids than stops. To exam-
ine these observations more closely, two tests were conducted:

i.  aone-way analysis of variance test of the null hypothesis that dorsal coarticu-
latory effects (as measured by the differential dorsal displacement data) are
the same for Russian coronal stops and liquids

ii. a two-sided Wilcoxon rank sum test of the null hypothesis that the differential
dorsal displacement data for stops and liquids are independent samples from
identical continuous distributions with equal medians, against the alternative
that they do not have equal medians

The results of these tests are shown in Table 6. Both tests accept the null hy-
pothesis that coarticulation does not differ between stops and liquids during the
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production of the pre-consonantal vowel (first column). Both tests reject the null
hypothesis (p < 0.01) that coarticulatory differences in dorsal articulation do not
differ for stops and liquids during mid-consonantal production (second column).
Both tests reject the null hypothesis (p < 0.05) that coarticulatory differences in
dorsal articulation do not differ for stops and liquids during post-consonantal pro-
duction (third column). These results suggest that, for Russian intervocalic non-
palatalized coronal consonants:

i.  dorsal articulation in coronal stops is a function of the context vowels

ii.  dorsal articulation during liquid production is primarily due to components
intrinsic to the consonant

iii.  there is no significant coarticulatory effect of the stops on the following vowel

iv. thereis a significant coarticulatory effect of the liquids on the following vowel

3.3.6. Articulation of palatalized stops. During articulation of the Russian pala-
talized stop in a front vowel context (Figure 14, bottom row), the dorsum is ad-
vanced and allowed to drop as coronal closure is achieved (left panel), consistent
with the behavior of an uncontrolled tongue body. Immediately after coronal clo-
sure (0 to 94 msec: right panel), approximation of the front of the dorsum towards
the palate can be observed, before the tongue body lowers towards the mid-front
target of the post-consonantal context vowel. In a back vowel context (Figure 14,
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-142 msec 94 msec
-94 msec 142 msec
—-47 msec 189 msec

30 40 50 60 70 80 90 30 40 50 60 70 80 90
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Figure 14. Midsagittal articulation of Russian palatalized stops — subject W3. Top row: [adia]; Bot-
tom row: [edle]. Left: formation, Right: consonantal release.
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top row) extensive advancement of the back of the tongue can be observed at the
same time that the coronal closure and palatalization gestures are achieved, before
the tongue body recovers towards the back target of the context vowel. Similar
patterns of articulation were observed for the other three Russian subjects.

In summary, all tongue body movement observed during the production of me-
dial voiced coronal palatalized stops was consistent with one of two articulatory
goals: approximation of the tongue blade towards the alveolar ridge, and approxi-
mation of the front of the tongue body towards the mid-palatal region. The com-
bined effect of these dual articulatory goals results in the fronting and raising of the
whole tongue during consonant production — even in the front vowel context —
because there is no antagonistic articulatory goal intrinsic to the consonant which
anchors the dorsum or perturbs its advancement.

3.3.7. Articulation of palatalized rhotics. The production of the Russian palatal-
ized trill (Figure 15) involves a different pattern of tongue movement to that ob-
served during stop production. Although the same coronal gesture (approximation
of the tongue blade towards the alveolar ridge) and anterior dorsal gesture (ap-
proximation of the front of the dorsum towards the palate) can be observed, the
back of the tongue does not behave in the same way. In each token, less gross tongue
movement can be observed than for the production of the palatalized stop in the
same vowel context. Most importantly, tongue movement during the production of
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Figure 15.  Midsagittal articulation of Russian palatalized trills — subject W3. Top row: [ar/a]; Bottom
row: [erle]. Left: formation; Right: consonantal release.
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Figure 16. Midsagittal articulation of Russian palatalized laterals — subject W3. Top row: [ala];
Bottom row: [ele]. Left: formation, Right: consonantal release.

palatalized rhotics appears to be constrained in such a way that, in each token, a
single point of the tongue edge can be identified at which horizontal and vertical
displacement is minimal (Figure 15, top: x = 54, y = =37 mm; Figure 15, bottom:
x =52, y=-36 mm). Stationary regions of this nature have been described as
‘pivot’ points (Harshman et al. 1977; Iskarous 2005).

3.3.8. Articulation of palatalized laterals. Articulation of the Russian palatalized
lateral is shown in Figure 16. As with the palatalized trill, but unlike the palatalized
stop, a pivot point can be observed in each token. The coordinates of these pivots
are similar to those identified for the palatalized trills produced in the same vowel
contexts ([elie]: x =49, y=-32 mm; [alia]: x =49, y =-33 mm; [uliu]: x =40,
y =—25 mm). As with the trills, the presence of these quasi-stationary regions sug-
gests that the dorsum is more highly constrained than during stop production, where
the tongue body moves as a whole in ways which are consistent only with the
achievement of the coronal and palatalization gestures.

These data suggest that palatalized liquids are articulated with two different in-
trinsic tongue body gestures: the palatalization approximation, and an anterior dor-
sal gesture equivalent to that identified in the non-palatalized liquid. The method-
ology used to identify the constriction location of dorsal gestures in Spanish and
Russian non-palatalized liquid consonants (Section 2.2.3) is not applicable here
because lingual apices are located at regions corresponding to the palatalization
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gesture. However, if we assume that the Russian palatalized liquids have similar
dorsal gestural targets to their non-palatalized equivalents, then the patterns of
lingual movement observed in this section can be explained as the result of com-
petition on the tongue body to articulate both the palatalization and posterior dor-
sal gestures intrinsic to /lif and /ri/.

3.4. Conclusion — Russian coronal consonants

Analysis of Russian intervocalic coronal consonant production has revealed that,
for the four speakers examined in this study:

i.  liquid consonants exhibit greater resistance to vocalic coarticulation than
stops

ii.  the tongue dorsum is not recruited during the production of the voiced coronal
stop, suggesting that /d/ is neither intrinsically velarized nor pharyngealized

iii. [r/is produced with a dorsal gesture with a mid-central vocalic target

iv. [l/ is produced with a dorsal gesture with an uvular-pharyngeal target

v.  [di/-/ri[-[li] were all produced with an anterior dorsal approximation gesture

vi. the tongue body was more highly constrained during the production of liquids
[1i/-/lif than for the stop /dif

The results of this study are consistent with the hypothesis that liquid conso-
nants are characterized by the coordinative production of intrinsic tongue tip and
tongue body gestures. The specific importance of the Russian data is to demon-
strate that such a characterization is also applicable in consonant systems which
exploit additional articulatory contrasts such as palatalization gestures.

4. Discussion

If liquid consonants in Spanish and Russian share a phonetic characterization with
rhotics and laterals in other languages, as the results of these experiments suggest,
it remains to consider whether some of the phonological behavior associated with
the class of liquids might be grounded in their common articulatory properties.
Phonological representations of liquids in Spanish and Russian informed by the
ultrasound data will first be outlined, before some phonological processes involv-
ing liquids in these languages are examined using these models.

The conclusion drawn from these experiments is that liquid consonants are char-
acterized by the presence of a dorsal articulatory component, unlike coronal ob-
struents, which are produced with a tongue-tip gesture alone. In the framework of
Articulatory Phonology (Saltzman and Munhall 1989; Browman and Goldstein
1989, 1992), this contrast can be represented at the planning level by the presence
or absence of a tongue body gesture coupled to the tongue-tip gesture. In a liquid
onset, there are three gestures which need to be coordinated: the liquid tongue tip
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/da/ Na/
closed{ TT(dent) } closed{ TT(alv) }
0°
0° 0°
. e TN
wide{ TB(phar) } wide{ TB(uvu-phar) } wide{ TB(phar) }

Figure 17.  Hypothesized Spanish syllable structures: coronal obstruent (lefi) vs. liquid onset (right).
Coupling graphs illustrate gestural constituency — target constriction location (dental|
alveolar[uvular-pharyngeal[pharyngeal) and target constriction degree (closed|wide) for
the tongue tip (TT) and tongue body (TB) — along with inter-gestural coupling relation-
ships (0° = in-phase coordination,).

Table 7. Proposed tract variable specifications for Spanish coronal consonants.

v [df N Iel Irl

TTCL dental alveolar alveolar alveolar

TTCD closed closed narrow narrow

TBCL - palatal uvular uvular-pharyngeal
TBCD - wide wide wide

gesture, the liquid tongue body gesture, and the vocalic tongue body gesture. As-
suming that all onset gestures are coupled in-phase with the nucleus (Browman
and Goldstein 1985; Gafos 2002), the two onset structures are contrasted in the
phonological representations of the Spanish words da ‘he gives’ and la ‘her’
(Figure 17).

4.1. Gestural characterization of Spanish liquids

The difference in gestural constituency contrasted in Figure 17 captures the essen-
tial articulatory difference between Spanish coronal obstruents and liquids; indi-
vidual liquid consonants will differ in their specifications for location and degree
of constriction of both tongue tip and tongue body gestures. The location of the
tongue body gesture in the trills produced by the Spanish speakers in this study, for
example, is typically forward of the mid-back vowel Jo/, which can be described
as a wide uvular-pharyngeal tongue body target. A preliminary set of gestural spec-
ifications for the Spanish coronal consonants, based on the results of this and
previous articulatory studies, is proposed in Table 7. Because ultrasound does not
provide sufficient detail about articulation anterior to the alveolar ridge, specifica-
tions for tongue tip gestures are informed by data from x-ray and palatographic
studies (Navarro Tomas 1970; Martinez Celdran 1984).

A limitation of the current model is that gestural specifications are restricted to
a midsagittal system of reference. This has proven adequate for modeling dark
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laterals in languages like English and Russian, where side channels are created
through lingual elongation between advanced coronal and retracted dorsal gestures.
It remains to be seen if additional specifications are needed for languages with
clear laterals in order to describe the active lateralization which might be re-
quired to create side channels when the tongue dorsum is advanced. If this is the
case, additional tract variables such as Constriction Shape (Browman and Gold-
stein 1989), or Tongue Body Lateralization Degree might be able to model this
behavior.

It also remains to be seen whether the components of multi-gestural segments in
Spanish and Russian onsets are best modeled in a synchronous coupling relation-
ship, as has been proposed for English initial laterals (Browman and Goldstein
1995), and whether there are asymmetries in the organization of these gestures
with respect to syllable position (Krakow 1999; Marin and Pouplier 2010).

4.2. Modeling liquid variation

Under the gestural model proposed here, all three Spanish liquid consonants are
characterized as having the same fundamental phonological representation —
individual consonants being differentiated by their individual specifications for
those gestures. Because of this underlying unity in gestural constituency, neutral-
ization and allophonic variation within the class may be considered to be the result
of changes in the articulatory parameters of liquid consonants. Changes in the
target location and degree of constriction for tongue body and tongue tip gestures,
as well as the stiffness, degree of damping, and blending parameters (see Saltzman
and Munhall 1989; Browman and Goldstein 1992) associated with each of the
gestures which constitute a liquid, will all result in changes in the realization of the
consonant. The data in Figures 7 and 12 provide some insight into the extent of
variation in dorsal articulation among the participants in these studies.

4.2.1. Rhotic allophony. Spanish rhotics — even in intervocalic position — are
realized with a wide range of allophony, as trills of different lengths, taps, frica-
tives and approximants (Lipski 1994; Quilis 1999; Hualde 2005). Although this
variation is difficult to motivate and describe in terms of feature-based phonological
primitives (see Harris 1969), it follows readily from a gestural model. Because
both taps and trills involve the coordination of a stabilizing tongue body gesture
with a coronal approximation gesture, different rhotic allophones can result from
small differences in airstream properties, tongue-tip stiffness, coronal aperture,
tongue body placement, and inter-gestural timing.

A wide range of rhotic allophony was observed among the Spanish speakers in
this study (§2.2.1), who all produced trills with the same underlying characteristic
patterns of articulation: dorsal stabilization in a mid-back posture, coordinated with
coronal approximation to the alveolar ridge. This suggests that aerodynamic fac-
tors play an important role in Spanish liquid variation: depending on how airflow
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is controlled and/or impeded, a wide range of trills, taps, fricatives and approxi-
mants can result, given the same, or similar articulatory configuration. Widdison
(1998) and Recasens (2002) examine the mechanisms which might underlie some
of these speech processes, and their implications for sound change.

4.2.2. Rhotacism, lambdacism, and liquid neutralization. Rhoticization of coda
laterals is a feature of the Spanish spoken in the Bahia Honda, Havana and Carde-
nas regions of Cuba, e.g., delantal — [delantar] ‘apron’; multa — [murta] ‘fine’;
pulso — [purso] ‘I press’ (Quilis 1999). Under a gestural model, such rhoticiza-
tion could result from a reduction in the degree of damping of the tongue tip, or
retraction of the tongue body gesture. The intermediate liquid allophones attested
in Puerto Rican Spanish codas — puerta ['pue‘l.ta] ‘door’; por favor [po'l.fa.'Bol]
‘please’ (Hualde 2005) — might correspond to realizations in which the coronal
gesture is adopting an articulatory configuration intermediate to that prototypically
associated with the lateral and the tap.

4.2.3. Liquidvocalization. In some Spanish varieties, including that of the Cibao
region of the Dominican Republic, coda liquids are prone to vocalization pre-
consonantally, and word-finally in words with final stress. The segment which
results from this process is typically described as a high front vowel or a palatal
glide: algo ['aj.yo] ‘something’, mujer [mu.'hei] ‘woman’ (Jiménez Sabater 1975).
Accounting for liquid vocalization is problematic under feature-based phonologies
— in the feature-geometric representations proposed by Walsh Dickey (1997), for
example, rhotics and laterals have inherently different structures, and both geom-
etries differ from those of vowels.

Under the articulatory model proposed here, vocalization would result from le-
nition, deletion or masking of liquid coronal gestures. The phonological organiza-
tion of the word /algo/, for example, is illustrated in the gestural score in Figure 18.
If the tongue tip gesture of the lateral (closed alveolar) is deleted or undershot, the
intrinsic tongue body gesture — a mid-front vocalic constriction (wide palatal) —
would be perceived as a palatal vowel /algo/ — ['ai.yo]. Similar accounts of vocal-

LAB PRO
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3

Figure 18. A gestural account of Spanish coda liquid vocalization: deletion of tongue tip (TT) gesture
coordinated with intrinsic vocalic tongue body (TB) gesture. Gestural score illustrated for
Jalgo], realized as [ai.yo] as a result of lenition or deletion of (closed alveolar) coronal
component of coda lateral.
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Table 8. Hypothesized tract variable specifications for Russian coronal consonants.

v Jdj I J fdi iy Jei
TTCL dental alveolar alveolar dental alveolar alveolar
TTCD closed closed narrow closed closed narrow
TBCL - uvu-phar velar - uvu-phar velar
TBCD - wide wide - wide wide
TBCL palatal palatal palatal
TBCD narrow narrow narrow

ization have been proposed for dark laterals in Brazilian Portuguese (Leidner
1976: /I — [u]), British English (Hardcastle and Barry 1989: [/ — [¥]) and child
Dutch (Browman and Goldstein 1995: /I — [w]). The fact that coda vocalization
affects both laterals and rhotics in Spanish is consistent with the hypotheses that
liquids share articulatory commonalities, and that clear laterals are also produced
with an intrinsic dorsal gesture.

4.3. Gestural characterization of Russian liquids

A preliminary set of gestural specifications for some Russian coronal consonants,
consistent with the results of the ultrasound study and informed by the articulatory
studies reviewed in §3, are proposed in Table 8. For each palatalized consonant, a
gesture corresponding to a high front glide has been added to the constellation cor-
responding to the non-palatalized member of the mutable pair.

4.3.1. Slavic liquid metathesis. Historically, liquids have been involved in a dis-
proportionate number of metathesis phenomena in Russian, the most common of
which involved the interchange of coda liquids with their preceding nuclear vowels
in the development of Proto-Slavic: e.g. */orv-mu/ ‘even’ — [rov(e)n/-, *ordlo/
‘plough’ — [ralo/ (Cubberley 2002). It is noteworthy that the vowel which par-
ticipated in this process was o/, as it was shown in Section 3.2 that the dorsal
components of the Russian (non-palatalized) liquids have constriction locations
resembling those of the mid-back and mid-central vowels. Metathesis of the type
*#0LC — *#LoC can be modeled as the result of a change in the coupling relation-
ships between the nucleus and its associated consonantal gestures.

Cubberley (2002) cites the example of Proto-Slavic */olkoti/ ‘elbow’ develop-
ing into Modern Russian [lok(o)ti/. A comparison of the gestural organization at
the beginning of the two words shows that there is no difference in gestural con-
stituency in the first syllable: both words begin a prolonged uvular-pharyngeal
vocalic gesture coordinated with a tongue tip closure gesture (Figure 19). The
contrast results from the difference in timing relationships between these gestures:
tongue-tip closure is synchronous with the tongue body gesture when the lateral is
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CLO

CLO WD{uv-pha} NAR({pal}

Figure 19.  Slavic liquid metathesis modeled as a change in gestural phasing. Hypothesized gestural
score illustrated for Proto-Slavic *[olkoti] ‘elbow’, in which the tongue tip (TT) gesture of
the coda lateral is coupled anti-phase (180°) to the tongue body (TB) gesture of the tauto-
syllabic vowel [o]. Broken lines indicate the in-phase (0°) relationship between the same
gestures in the onset lateral of the Modern Russian word [lok(o)t]].

in the onset /lo/, and delayed with respect to the start of the dorsal constriction
when the lateral appears in the coda /ol/.

Under this model, diachronic CV metathesis results from a change in the phasing
relationships between the constellations of gestures which constitute a syllable.
Given a preference for in-phase coordination, the model predicts that historical
metatheses of this type would be more likely to proceed in the direction #VC — #CV
than the reverse — an account which is consistent with the historical evidence from
Slavic, where metathesis of coda liquids was one of several sound changes which
“had the effect of converting closed syllables to open ones” in Common Slavic
(Bethin 1998). Other patterns of metathesis might be expected in other languages,
as rhotics and laterals with different gestural constituencies may enter into differ-
ent types of coordinative relationships with tautosyllabic segments which would
make coda or onset structures more or less stable.

5. Conclusions

The midsagittal production of liquid consonants in Spanish and Russian has been
examined using ultrasound data. Liquids in both languages were found to be char-
acterized by a greater degree of dorsal resistance to vocalic coarticulation than
coronal obstruents, consistent with the hypothesis that coronal liquids are charac-
terized by the coordinative production of tongue tip and tongue body gestures. The
data suggest that clear/dark lateral allophony results not from the absence of a
dorsal gesture in the clear lateral, but from differences in tongue body constriction
location.

Gestural representations of Spanish and Russian liquid consonants have been
proposed, based on results of this study, which offer insights into a number of
phonological phenomena associated with liquid consonants in these languages.
Under an Articulatory Phonology framework, liquid vocalization can be modeled
as the result of lenition of the tongue tip gesture in a liquid segment. Coda liquid
neutralization can be explained as the result of the loss of distinction between
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tongue body constriction locations and tongue tip gestural control, and VL meta-
thesis may be explained as a change in the syllabic coupling relationships between
the constituent gestures of adjacent liquids and vocalic nuclei.

Appendix. Lingual measurement data

Table 9.  Total dorsal spread of Spanish pre-consonantal vowels (mm?) measured across three vocalic
postures [e]-[a]-[u] (see Figure 5, left column). Each cell corresponds to the area of a tri-
angle constructed between tongue edges extracted from three utterances.

wi w2 W3 W4 Ml
/d/ 65.7 52.0 79.1 108.1 76.2
/d/ 94.4 725 73.1 89.0 77.2
I 82.3 483 78.7 108.8 94.7
n 67.9 59.5 76.2 51.1 477
It 115.1 59.7 82.7 80.7 99.1
Ji 104.6 59.9 80.5 92.5 54.2
Jt 117.4 27.8 459 94.6 119.3
fr/ 108.6 47.1 55.2 522 61.7
Obstruent 80.0 62.2 76.1 98.6 775
Liquid 99.3 50.4 69.9 80.0 82.4

Table 10. Mean susceptance to vocalic coarticulation of Spanish intervocalic coronal consonants:
total dorsal spread (mm?) measured across three vowel contexts [e_e]-[a_a]-[u_u] (Figure
5, center column). Each cell corresponds to the area of a triangle constructed between
tongue edges extracted from three utterances.

Wl w2 w3 W4 Ml
/d/ 107.3 525 96.9 51.1 55.4
/d/ 67.0 66.6 63.5 61.1 34.1
i 27 35.2 25.0 33.0 40.1
N 269 30.0 28.0 39.0 16.9
i/ 8.4 226 37.1 40.9 70.8
i/ 14.9 229 44.0 353 38.0
tf 6.5 6.7 27 29 76.3
ft/ 6.4 11.3 13.6 05 14.0
Obstruent 87.2 59.6 80.2 56.1 463
Liquid 11.0 21.4 25.1 25.3 38.5
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Table 11.  Total dorsal spread of Spanish post-consonantal vowels (mm?) measured across three vo-
calic postures [e]-[a]-[u] (see Figure 5, right column). Each cell corresponds to the area
of a triangle constructed between tongue edges extracted from three utterances.

Wl w2 w3 W4 Ml

/d/ 139.2 66.3 762 53.7 91.6
/d/ 89.4 81.9 65.1 66.7 56.8
n 416 70.7 79.5 64.3 36.9
/I 47.0 72.4 70.2 55.2 67.5
Jtf 432 39.0 56.9 68.5 81.8
I 75.8 46.5 74.1 374 472
ft 21.8 19.2 292 35.0 313
Jt/ 54.9 42.6 56.7 27.1 42.1
Obstruent 1143 74.1 70.7 60.2 742
Liquid 474 484 61.1 479 51.9

Table 12.  Mean displacements (mm) of dorsal targets from pre-consonantal vocalic center: Spanish
intervocalic liquids — all subjects. Dorsal targets estimated from centers of gravity of tri-
angles constructed between dorsal apices (Figure 5).

dx dy
n It/ [/ M [t Ir/
Wi 11.11 8.49 -2.29 0.60 2.63 —-1.11
w2 7.38 2.61 1.31 0.70 1.46 —0.24
W3 4.72 0.01 -1.08 -0.16 0.74 1.79
W4 291 -1.24 -3.78 1.24 0.55 —0.41
Ml 3.27 2.14 0.48 2.47 1.44 0.52
Mean 5.88 2.40 -1.07 0.97 1.37 0.11

Table 13.  Total dorsal spread of Russian pre-consonantal vowels (mm?) measured across three vo-
calic postures [e]-[a]-[u] (see Figure 11, left column). Each cell corresponds to the area of
a triangle constructed between tongue edges extracted from three utterances.

Wi w2 W3 Ml
/d/ 88.2 726 84.7 19.4
/d/ 57.8 57.0 534 50.8
i 98.5 438 73.1 723
i 80.6 423 87.5 87.6
ft/ 93.8 61.5 88.2 20.1
ftf 717 41.1 81.7 125.1
Stop 73.0 64.8 69.0 35.1
Liquid 86.1 472 82.6 76.3
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Table 14. Mean susceptance to vocalic coarticulation of Russian intervocalic coronal consonants:
total dorsal spread (mm?) measured across three vowel contexts [e_e]-[a_a]-[u_u] (Figure
11, center column). Each cell corresponds to the area of a triangle constructed between
tongue edges extracted from three utterances.

Wi w2 W3 Ml
/d/ 374 73.8 129.1 2.1
/d/ 475 40.6 147.4 245
1l 203 279 3.6 2.6
i 22.0 26.8 10.8 12.1
Jt 6.9 56.1 8.4 10.4
ft/ 31.2 31.2 12.9 10.6
Stop 425 572 1382 233
Liquid 20.1 355 8.9 8.9

Table 15.  Total dorsal spread of Russian post-consonantal vowels (mm?) measured across three vo-
calic postures [e]-[a]-[u] (see Figure 11, right column). Each cell corresponds to the area
of a triangle constructed between tongue edges extracted from three utterances.

wi w2 w3 Ml
/d/ 79.0 94.3 126.5 46.0
/d/ 513 69.2 116.3 88.8
N 438 72.4 444 55.3
i 36.6 78.6 4.9 143.8
Jtf 448 72.0 493 2.0
ftf 69.3 44.1 46.2 8.3
Stop 65.1 81.8 121.4 67.4
Liquid 48.6 66.8 362 523

Table 16. Mean displacements (mm) of dorsal targets from pre-consonantal vocalic center: Russian
intervocalic non-palatalized liquids — all subjects. Dorsal targets estimated from centers of
gravity of triangles constructed between dorsal apices (Figure. 11).

I It/
dx dy w3 w4
Wila -11.38 5.86 0.61 5.41
Wlb —12.09 7.02 —2.60 5.99
W2a -2.17 —2.03 1.32 —-0.07
W2b —-1.82 -1.40 9.74 —-0.16
W3a —-13.36 1.05 0.15 1.76
W3b —-10.06 1.06 —0.88 1.41
Mla —12.14 —2.73 -0.19 —0.26
Mlb -8.24 —0.24 —2.25 —0.56
Mean —8.91 1.07 0.74 1.69
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Notes

1. Asnoted in §2.1, ultrasound images the back of the tongue into the mid oropharynx, but typically
no lower, which limits our capacity to examine pharyngeal articulation. While these data suggest
that the dorsum is uncontrolled by Russian non-palatalized coronal stops, it may be the case that
there is unobserved articulatory activity in the lower pharyngeal region.

2. Thanks to an anonymous reviewer for observing that these results are consistent with Jones &
Ward’s (1969) characterization of Russian /1/ as having “the vowel-resonance . . . of cardinal [0].”
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