Consonant production in Greek Lombard speech:
an electropalatographic study

Katerina Nicolaidis

Speech production in noise is characterised by important articula-
tory and acoustic modifications. The current study examines lingual
articulation during consonant production in speech produced in quiet and
noise. It uses the technique of electropalatography to investigate lingual-
palatal contact patterns during the production of the Greek consonants
/t, k, s, X, n, 1, ¢/ in the two conditions. Two male and two female speakers
produced words embedded in carrier phases in quiet and in multitalker
babble noise played over loudspeakers. Several parameters are analysed
including consonantal duration, total amount of contact in the alveolar
and palatal regions, place of articulation for all consonants, degree of
constriction for the fricatives, V-to-C coarticulatory effects and token-to-
token variability. The results provide evidence of spatio-temporal modi-
fications in speech produced in noise. These include an overall tendency
for shorter duration for all consonants, more lingual-palatal contact and
more advanced placement in the alveolar zone as well as reduced contact
in the palatal region for /t, s, n, 1, r/, and smaller coarticulatory effects.
Variability to these patterns was however evident. Variability as a func-
tion of speaker, gender, consonant, vowel and condition is examined. The
results are discussed within the framework of adaptive variability pro-
posed by the Hyper-Hypo Speech model (Lindblom 1990). They suggest
that in addition to changes potentially related to increased vocal effort
there is some first evidence pointing towards speech modifications that
can be communicatively driven.

1. Introduction

1.1. Theoretical background

Speech communication among individuals frequently occurs
in non optimal conditions, such as the presence of noise. Noise can
have a detrimental effect to communication since it can mask impor-
tant acoustic features of speech. Research has shown that speech
production in noise adapts along several parameters to compensate
for this masking effect. Modifications in articulatory and acoustic
parameters are known as the Lombard effect (Lombard 1911) and
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include an increase in amplitude, fundamental frequency, word and
vowel duration, a shift in F1 and F2 frequencies (mainly the former),
flatter spectra with a shift of energy from low to middle or high fre-
quency bands as well as an increase in the amplitude of movements
(e.g., Dreher & O’Neill 1957, Pisoni et al. 1985, Van Summers et al.
1988, Bond et al. 1989, Junqua 1993, 1996, Letowski et al. 1993,
Castellanos et al. 1996, Steeneken & Hansen 1999, Pittman & Wiley
2001, Kim 2005, Varadarajan & Hansen 2006, Garnier et al. 2006,
Davis et al. 2006).

The mechanisms underlying the modifications that occur in
Lombard speech, i.e., purely physiological, cognitive or both, have
been a challenging issue to address. Different accounts have been
put forward proposing that changes are due to (a) a physiological
audio-phonatory reflex leading to an automatic change of vocal inten-
sity due to modifications in auditory feedback (Lombard 1911); (b)
an active reorganisation of speech aiming towards maintaining or
improving the intelligibility of speech for communicative functionality
(Lane & Tranel 1971); (¢) a combination of both, that is, an automatic
response and a communicative adaptation (Junqua 1993, Garnier et
al. 2006, Garnier et al. 2010).

The study of Lombard speech is thus important both from a theo-
retical standpoint for the development of comprehensive model that
predicts and accounts for the modifications that occur, as well as for
practical applications such as the development of robust speech recog-
nition systems for use in different and demanding contexts, e.g., air-
craft control, the development of cochlear implants and conventional
hearing aids.

Whatever the mechanism(s) underlying the speech modifica-
tions that occur in Lombard speech, it is evident that these changes
are the outcome of the link between perception and production. The
increase of vocal intensity can enhance auditory feedback for the
speaker but can also make the speech signal more audible for the lis-
tener. Moreover, perceptual studies have shown that speech produced
in noise is more intelligible than speech produced in quiet conditions
(Dreher & O’Neill 1957, Pittman & Wiley 2001, Van Summers et al.
1988, Lu & Cooke 2008). Further evidence showing that vocal inten-
sity increases more in conversational speech than reading in noise
suggests that communicative involvement plays an important role
in the modifications that take place (Amazi & Garber 1982, Junqua
et al. 1999). Garnier et al. (2010) report greater increase of several
acoustic parameters and further speech modifications present only in
interactive conditions in noise. Taken together, such studies indicate
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that articulatory adaptations can function to enhance the intelligibil-
ity of speech in noise and can aim towards communicative function-
ality. Depending on the degree of communicative involvement of the
interlocutors and the environmental noise conditions, variability may
be expected to occur in the articulatory movements of the speaker and
the resulting acoustic signal. Indeed, one of the features that consist-
ently stands out in previous research on speech production in noise
is the large variability present. Junqua (1996: 16) describes Lombard
speech as a phenomenon “distributed along a continuum of speech
variability which is influenced by a complex set of parameters such as
the nature of the speakers, the context and the environment”.

Adaptive variability guided by the demands of the communica-
tive situation is a key principle of the Hyper-Hypo-speech (H&H)
model (Lindblom 1990). According to the model, speech production
is adaptive and ranges between a continuum of hyper-hypo speech.
Two fundamental principles are inherent in the model: (a) system-
oriented constraints which are characterised by motor control opti-
misation and economy, and result in hypo-forms; (b) output-oriented
constraints which reflect the teleological nature of speech production
and necessitate adjustments for communicative functionality. These
produce variability effects that are listener-oriented and are charac-
terised by hyper-forms. It is argued that there is a universal tendency
for the predominance of system-oriented constraints, i.e., for speakers
to hypo- rather than hyper-articulate. However, this is implemented
to the degree that is communicatively purposeful thus rendering out-
put-oriented constraints fundamental in shaping intra-speaker vari-
ation. The aim of the speaker is to meet the demands of the commu-
nicative environment and vary his/her articulation so as to increase
efficiency in communication. During speech produced in noise, it can
be assumed that output-oriented constraints are severe and speakers
modify their articulatory strategies in order to maximise discrimina-
bility and intelligibility for effective communication. An active reor-
ganisation of articulatory movements can thus occur resulting in the
production of hyper-forms. It can be predicted that modifications may
result in increases in intensity, vowel duration, frequency changes,
amplitude of movements and so on.

1.2. Factors influencing variability in Lombard Speech

Previous studies on Lombard speech have reported variabil-
ity in several acoustic and articulatory parameters as a function of
various factors including the speaker, the noise type and level, the
language and the situational context (see also section 1.1). One of
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the main factors that has been shown to contribute to the high vari-
ability of Lombard speech is the speaker (e.g., Junqua 1993, Garnier
et al. 2010) as different articulatory strategies may be employed by
speakers when increasing their vocal effort. In addition, variability
may relate to the speaker’s intentions and willingness to communi-
cate in a particular situation. Noise also exerts a psychological effect
on the speaker, and different responses, inducing variable acoustic
changes, may be expected by different individuals. Important gender-
related differences have also been observed in terms of variability in
pitch level and formant frequencies between male and female speak-
ers (Anglade & Junqua 1990, Junqua 1993, Letowski et al. 1993,
Castellanos et al. 1996).

The Lombard effect is also dependent on the type and level of
noise. Junqua (1994) has shown, for example, that vowel duration
increases more in the presence of multi-talker babble noise compared
to white-Gaussian noise while Garnier et al. (2006) report increased
vowel duration in white noise compared to cocktail party noise. Lu &
Cooke (2008) used babble noise varying in number of speakers and
found that an increase in noise level and the number of background
talkers led to an increase in several acoustic parameters. Sound
immersion techniques have also been found to influence the extent of
the modifications present in noise. Garnier et al. (2010) report greater
changes in several acoustic parameters when cocktail party noise was
played over headphones than loudspeakers. Davis et al. (2006) found
greater amplitude of articulatory movements in the headphone condi-
tion compared to loudspeakers.

Language-specific variability has also been studied in lan-
guages such as English, French, Spanish, Japanese, Korean, Greek
(e.g., Junqua 1993, Lu & Cooke 2008, Ramez 1992, Garnier et al.
2010, Castellanos et al. 1996, Takizawa & Hamada 1990, Kim 2005,
Nicolaidis & Rispoli 2005). Junqua (1996) summarises some of the find-
ings of previous studies on American English, French, Spanish, and
Japanese and discusses similarities and differences in the tendencies
observed. Other linguistic variables are also important, such as type
of word (content vs. function words) and syllabic position. For exam-
ple, larger effects on selected acoustic and articulatory parameters
have been reported for content than function words in noise (Patel &
Schell 2008, Garnier et al. 2006; the latter study also examines syllable
position effects). Enhancement of prosodic cues in noise has also been
reported (Garnier et al. 2006, Welby 2006, Garnier et al. 2010).

To date, the majority of studies have focused on the examination
of acoustic parameters. Relatively limited articulatory work is availa-
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ble and little is known about the articulatory modifications that occur
in Lombard speech, how the different articulatory subsystems func-
tion and interact, how articulatory changes relate to acoustic changes
and how the variables expounded above affect articulatory variability.
The need for more physiological studies for speech in adverse condi-
tions is also underscored in Van Summers et al. (1989). Furthermore,
the majority of studies on segmental aspects have mainly focused on
vowels leaving consonant production largely unexplored.

The articulatory studies currently available have mainly focused
on selected labial parameters as well as on visual enhancement in
noise. They have reported amplification of articulatory movements
(lip aperture and spreading), changes in velocity peaks relating to
articulatory effort (Garnier et al. 2006), increased lip compression for
bilabial stops (Garnier 2008, Garnier et al. 2010) and articulatory and
durational changes on selected units in utterances (Patel & Schell
2008, Garnier et al. 2006) functioning to enhance cues to word seg-
mentation and prosodic hierarchy, and thus intelligibility, in noise.

1.3. Aim of the current study

This study investigates the effect of noise on the lingual system
during consonant production using the technique of electropalato-
graphy. Several parameters are examined including the total amount
of linguo-palatal contact in different regions of the palate, place of
articulation changes, V-to-C coarticulatory effects, and token-to-token
variability during the production of the Greek consonants /, s, k, x, n,
1, / in quiet and multi-talker babble noise. Variability as a function of
speaker, gender, consonant, vowel and condition (quit noise) is exam-
ined. The study aims to provide articulatory data on the lingual sys-
tem and add to the current knowledge-base pertaining to variability
in Lombard speech on the basis of mainly acoustic research on other
languages. Some of the major questions it addresses include:

Is there a difference in amount of lingual contact between the
quiet and noise conditions?

Are there differences in the place of articulation of consonants in
the two conditions?

How can such potential differences be interpreted (i.e., result of
increase in vocal effort vs. speaker controlled adaptive variability)?

Are there differences in the degree and nature of coarticulatory
effects present?

Are there differences in the amount of token-to-token variability
suggesting differential degree of articulatory precision in the two con-
ditions?

69



Katerina Nicolaidis

From both a theoretical and methodological perspective, this
study examines many of the key research topics addressed in this
thematic issue. It analyses articulatory (EPG) data to investigate
variability in phonetic form and coarticulation examined within the
framework of the H&H theory. It also examines speaker-specific and
gender-related variation. The study of Lombard speech can add to the
expanding agenda of socio-phonetic research by examining variation
in a particular case of contextual interaction, i.e., during communica-
tion in adverse conditions. Variation is accounted for by investigating
core parameters such as the link between speech perception and pro-
duction, articulatory constraints, and speaker-specific strategies and
preferences determined to a large extent by the varying demands of
the situational context. An interplay between bio-physical, psychologi-
cal, linguistic, environmental and social factors is present in Lombard
speech; all these shape variability.

2. Methodology

2.1. Subjects

Two male (AT, TP) and two female (MM, EP) Greek speakers
were recorded for this study. They were between 38-46 years of age
and lived in Thessaloniki. They were speakers of Standard Modern
Greek, i.e., with no regional accents. All of them had normal hearing
and no speech defects. They were all naive with regard to the purpos-
es of the experiment.

2.2. Speech Material

The speech material consisted of disyllabic words of the form
C,VC,V. The intervocalic consonants that were analysed were /t, k, s,
X, n, 1, r/, the initial consonant was one of the labial consonants /p, b,
f/, and V = /i, a/. A description of the Greek consonantal and vocalic
system can be found in Arvaniti (1999). Symmetrical sequences were
recorded with stress on the first syllable, e.g., /'papa/, /'bala/, /'faka/,
/'pasa/. An initial labial consonant was selected as labial closure
involves an independent system and thus influence on the lingual
gestures is minimised. In addition, the initial labial consonant varied
among /p, b, f/ so as to enable the inclusion of real words in the cor-
pus. The speech material also included one proper name (i.e., /'mara/)
and just one nonsense item (i.e., /'‘paxa/) which was presented to the
subjects with a capitalised first letter to resemble a proper name.
Test words were embedded in the carrier phrase /'leye 'CVCV 'pali/
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(‘say___again’). Subjects were instructed to read the speech material
at a comfortable rate. They initially produced all material in a quiet
condition and then in a multi-talker babble noise condition. For the
noise condition, subjects were instructed to read the material as if
trying to communicate the information to the experimenter who was
present in the room. Five repetitions of all speech material in each
condition were analysed. A total of 560 tokens were analysed for this
study (7 consonants x 2 vowels x 5 repetitions x 4 speakers x 2 condi-
tions (quiet/noise)).

It should be noted that this investigation is part of ongoing
research investigating all Greek consonants in different vocalic envi-
ronments in words produced in carrier phrases and in spontaneous
speech in quiet and noise conditions. The present study includes a
selection of the Greek consonants in two different vocalic environ-
ments produced in carrier phrases. Clearly, even taking into con-
sideration the instructions given to the subjects, reading a list of
words does not involve communicative interaction and thus the full
spectrum of speech adaptations may not occur (Garnier et al. 2010).
Still modifications may be expected to be present and the analysis
of the current, more controlled material will provide a reference for
future work on spontaneous speech in noise that will enable the
identification of potential differences between the two tasks and pro-
vide insights on the role of communicative involvement in Lombard
speech.

2.3. Data acquisition

Electropalatographic and acoustic data were simultaneously
recorded using the British EPG system marketed by Articulate
Instruments. The artificial palate used in this system has 62 elec-
trodes on its surface that record lingual contact with the palate in
continuous speech. The electrodes are distributed in eight rows and
correspond to particular articulatory regions, i.e., the front four cor-
respond to the alveolar zone and the back four to the palatal zone
(Figure 1). The alveolar zone is subdivided to the alveolar and postal-
veolar regions (rows 1 to 2 and 3 to 4 respectively) while the palatal
zone is subdivided to the pre-, medio- and post-palatal regions. The
most posterior row is located on the junction between the hard and
soft palates so some limited contact for velar sounds is expected to
be registered on this row. The first two columns on the left and right
side of the palate are characterized as lateral and the four remaining
columns as central (Recasens et al. 1993; Gibbon & Nicolaidis 1999).
EPG data were sampled at 10 ms.
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Figure 1. The artificial palate used in this study (left). Schematic representation
of electrodes and division of electrodes into zones and subzones (right).

Data were recorded in a quiet and in a multi-talker babble noise
condition. For the quiet condition, data were recorded in a sounded-
treated room in the Phonetics laboratory of the School of English at
Aristotle University. A Sennheiser e815S microphone was used. For
the noise condition, data were recorded in a sound treated record-
ing studio at the laboratory of Electroacoustics & TV Systems of the
Department of Electrical and Computer Engineering at Aristotle
University. The babble noise was created from 8 mixed voices (four
male and four female) and was further processed to remove stretches
that were comprehensible so that the resulting babble noise was com-
pletely unintelligible. Noise was calibrated at 88dB SPL at the speak-
er’s ears played over two loudspeakers spaced three meters apart and
at a distance of three meters from the subject. Sound immersion with
noise played over loudspeakers rather than headphones was opted
for in order to simulate a more naturally occurring condition for the
speaker. The audio signal was recorded with a cardiod Beyerdynamic
MC836PV microphone placed at a distance of 5 cm from the speaker’
mouth. Important acoustic landmarks, e.g., onset and end of form-
ant structure, evidence of bursts, could be identified in the resulting
acoustic signal so it was used for segmentation and annotation with-
out noise extraction and in conjunction with information obtained
from the electropalatographic data.

2.4. Data measurement and analysis

The software provided with the EPG system, Articulate Assistant
(version 1.18), was used for data display, segmentation and analysis.
For the duration measurements reported in the study, segmentation
was based on the acoustic waveform and spectrogram. Onset of con-
sonantal constriction was taken at the end of the formant structure
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for the preceding vowel. End of consonantal constriction was taken at
the onset of formant structure for the following vowel. For the stops /t,
k/, end of consonantal constriction was taken at the burst. For some
/t/ tokens there was evidence of release on the acoustic data and end
of constriction was taken at that point. Segmentation was facilitated
from the EPG data when acoustic information was limited in the
noise condition. For the fricatives /s, x/, onset and offset was anno-
tated at the onset/offset of noise.

For the articulatory analysis, the first frame of maximum con-
tact on the entire palate, i.e., all eight rows, was annotated for all
consonants (Figure 2). For the consonants /t, s, n, 1, r/ this typically
coincided with maximum contact in the alveolar zone (front four
rows) and for the /k, x/ in the palatal zone (back four rows). In the
few cases that it did not, the first frame of maximum contact in
the alveolar or palatal region was selected during the interval of
maximum contact on the entire palate for the consonant. For the
fricatives, the first frame of maximum constriction in the alveolar
zone for /s/ and the palatal zone for /x/ during the interval of maxi-
mum contact on the entire palate was annotated. As the first frame
of maximum contact/constriction can vary temporally, the EPG
frame at the temporal midpoint of the consonantal interval was also
extracted from the data for the examination of coarticulatory effects
at the consonantal midpoint.

T OO v i
: LI Adye Modeoy

Figure 2. Screen display and segmentation of the consonant /n/ in the word /'pana/
produced in noise. The segmentation line corresponds to the first frame of maxi-
mum contact which is displayed at the top right of the figure. The display below
the spectrogram and palatograms shows the total amount of contact at the alveo-
lar zone (top line) and the entire palate (bottom line).
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EPG data reduction methodology was based on the calculation of
the following measures at the frame of maximum contact/constriction:

(a) the percentage frequency of electrode activation of the entire
palate over five repetitions,

(b) the total number of contacts for the anterior four rows (front
total) for the consonants /t, s, n, 1, r/,

(c) the total number of contacts for the posterior four rows (back
total) for all consonants,

(d) the total number of contacts for the entire palate, i.e., all
eight rows, (global total) for the palatal productions of /k, x/ in the
environment of /i/,

(e) the Centre of Gravity for the front four rows (front CoG) for
the consonants /t, s, n, 1, r/,

(f) the Centre of Gravity for the back four rows (back CoG) for the
consonants /k, x/,

(g) the Centre of Gravity for the entire palate (global CoG) for the
palatal productions of /k, x/ in the environment of /i/,

(h) the mean lateral measure for the front four rows (front lat-
eral) for /s/,

(1) the mean lateral measure for the back four rows (back lateral)
for /x/,

(j) a variability index for the entire palate.

The totals measures and contact indices are described in Gibbon
& Nicolaidis (1999) and the Articulate Assistant User Guide. The
totals measures were ratios of the number of contacted electrodes
over the total number of electrodes in the region.

The Centre of Gravity index expresses the location of the
main concentration of activated electrodes. For the calculation of
the index, progressively higher values are assigned to more ante-
rior rows. Thus a higher value of the index indicates more anterior
placement for a particular sound. The mean lateral measure was
used to show if there was more contact near the midline or the lat-
eral sides of the palate. The index provides a measure of the con-
striction degree for the fricative sounds. A higher value of the index
indicates more central articulation, i.e., greater constriction. For
the consonants /t, s, n, 1, r/, relevant indices were calculated for the
front four rows because their place of articulation always occurred
in the alveolar zone. For /k, x/, the indices were calculated for the
back four rows as their place of articulation occurred in the palatal
zone. Finally, the variability index quantifies the degree of variabil-
ity in EPG patterns across repetitions of a particular sound. For a

74



Consonant production in Greek Lombard speech: an electropalatographic study

given electrode, 100% and 0% activation across repetitions represent
invariance while contact around 50% represents maximum variabil-
ity (Farnetani & Provaglio 1991). Calculation of the index for differ-
ent consonants can provide a measure of articulatory constraint and
precision during their production.

As a measure of V-to-C coarticulation, the difference of various
measures in the /i/ vs. /a/ contexts was calculated both at the frame
of maximum contact/constriction and at the temporal midpoint of the
consonants. In particular, differences in the total amount of alveolar
contact (front total), palatal contact (back total) and the values of the
contact indices (front CoG, back CoG, front and back lateral) were cal-
culated.

Factorial analyses of variance on the different measures, i.e., con-
sonant duration, front, back and global total, front, back and global
GoG,! front and back lateral, and variability index at the frame of max-
imum contact/constriction and at the temporal midpoint were carried
out including subject (MM, EP, AT, TP), consonant (selected consonants
from /t, s, k, X, n, 1, r/ depending on the measure), vowel context (/i, a/),
and condition (quiet/noise) as factors. Separate analyses with gender,
consonant, vowel context and condition were also carried out.

3. Results

Adaptations in noise in terms of duration, total amount of linguo-
palatal contact, location and degree of constriction will be discussed
below. Separate sections on the effect of condition, consonant type,
vowel context, speaker and gender are included so that important
information relevant to general phonetic and sociophonetic studies
is presented. The results of the statistical analyses of the duration
measurements, and the different articulatory measures calculated at
the frame of maximum contact/constriction will be reported. In addi-
tion, V-to-C coarticulatory effects at the temporal midpoint will be
presented, i.e., the vowel main effect and interactions including vowel
and consonant. The reader should note that only these effects will be
reported for the temporal midpoint.

EPG palatograms displaying percentage frequency of activation
over five repetitions at the frame of maximum contact/constriction
can be seen in Figure 3 for all consonants produced in the quiet and
noise conditions for one male and one female speaker. The reader can
refer to the palatograms for an illustration of the articulatory modifi-
cations described in the sections below.
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3.1. Effect of condition on consonant production

The ANOVA analysis showed a significant main effect of condi-
tion, i.e., quiet vs. noise, on consonant duration (F(1, 559) = 65.93,
p < 0.0001). The means for the consonant by condition interaction (F(6,
559) = 4.062, p < 0.001) showed that overall consonantal duration was
shorter in the noise condition for all consonants; Tukey post-hoc tests
showed that significant differences were only found for the consonants
/x, n/ (Table 1). The means for the subject by consonant by condition
interaction (F(18, 559) = 3.149, p < 0.0001) showed that overall shorter
consonantal duration for consonants in noise was true for all subjects;
few exceptions were evident. Figure 4 shows average duration per
consonant in the quiet and noise conditions and the percentage differ-
ence in duration between the two conditions for all consonants. For the
obstruents, greatest compression under noise is evident for the fricative
/x/ and the smallest difference between conditions is noted for the stop
/t/. For the sonorants, larger differences between conditions were found
for /n/ than /I/ while the large percentage difference noted for the tap
was mainly due to one speaker (TP).

With reference to the articulatory measures for /t, s, n, 1, ¢/, the
analysis of the front total indicated more contact in the alveolar
region in noise (F(1, 399) = 4.425, p < 0.036) (Figure 3); examination
of the means of the consonant by condition interaction showed that
this was true mainly for the consonants /t, s, ¢/ (F(4, 399) = 6.874,
p < 0.0001) while post hoc tests showed that significance was only
reached for /s/. The consonant by subject by condition interaction
revealed speaker variability (F(11, 399) = 4.473, p < 0.0001). The
means showed that the tap was produced with more alveolar con-
tact in noise by all speakers, /t, s, n/ by three speakers and /1/ by two
speakers. Subject TP showed less contact for /t, n, I/ in noise with a
relatively large difference between conditions for /n/ and especially
/1/. It should be noted that speaker TP generally produced very pala-
talised consonants in the environment of /i/ in the quiet condition.
His production of /n/ in /ini/ was categorized as palatal involving
increased alveolar and palatal contact. Such palatalisation was
reduced in noise, hence the smaller amount of contact evident in the
alveolar region (similarly for /I/). In addition, a very palatal produc-
tion of the /s/ in the environment of /i/ was found for this speaker
in quiet while in noise an alveolar pattern was evident leading to
a large increase in alveolar contact in this condition. Hence post
hoc tests showed significant differences for /s/ (with more contact
in noise), as well as /n, I/ (with less contact in noise) only for this
speaker.
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max contact/constriction for /t, s, n, 1, r, k, x/ in the /a - a/ (top) and /i - i/ (bottom)
contexts in the quiet and noise conditions. Palatograms for one female (MM) and

Figure 3. Percentage frequency of activation over 5 repetitions at the frame of
one male speaker (AT) are presented.
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Table 1. Average durations (in ms) and standard deviations for the consonants /t,
k, s, X, n, 1, r/ in quiet and noise.

QUIET NOISE
AVERAGE St. DEV AVERAGE St. DEV
t 108 10 105 13
k 99 19 93 15
s 138 19 131 19
X 129 19 113 16
n 103 14 94 15
1 105 16 101 13
r 22 8 19 4
consonant duration
140
120
100
£ w
s Iquua:[
‘_g o Onoise
40
. Al
0
t k 5 x n | r
14
12
§ 10
§ 6
g
Y
2
0
[meaiference| 28 | 61 | 51 | 124 | 87 | 38 | 138

Figure 4. Average duration (in ms) for the consonants /t, k, s, X, n, 1, r/ in the
quiet and noise conditions (upper graph). Percentage difference in duration
between the quiet and noise conditions for the consonants examined (bottom).
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The analysis of the back total showed overall less contact in
the noise condition (F(1, 399) = 165.954, p < 0.0001) (Figure 3).
Significant differences for all consonants (consonant by condition:
F(4, 399) = 3.569, p < 0.007) were found in the post hoc tests.
Examination of the means of the consonant by subject by condition
interaction (F(12, 399) = 3.831, p < 0.0001) showed that this pattern
was observed in all cases with only very few exceptions present.? Post-
hoc tests showed that differences reached significance for all conso-
nants for speakers TP and AT (but for /c/), and MM for /n/.

With reference to place of articulation, the analysis of the front
CoG showed overall more anterior placement in the noise condition
(F(1, 399) = 43.443, p < 0.0001); the means showed that this occurred
for all consonants but for /t/ which was similarly produced in the two
conditions (F(4, 399) = 5.818, p < 0.0001) (Figure 3). Post-hoc tests
showed significant differences for /n, 1, r/ (Figure 5).

anterior placement

B quiet
O noise

0.8

Figure 5. Front Centre of Gravity for the consonants /t, s, n, 1, r/ in the quiet and
noise conditions. The higher the index the more anterior the place of articulation
of the consonant.

The means for the subject by consonant by condition interaction
showed that this was true in the majority of cases but for a few excep-
tions (F(12, 399) = 7.386, p < 0.0001).3 Post-hoc tests showed that
significant differences were evident for /n, 1, ¢/ for three speakers and
for two speakers for /s/. For speaker AT no significant differences were
found for any consonant.

In addition, for the fricative /s/, the results of the front lateral
measure showed significantly more central contact in the noise condi-
tion (F(1, 79) = 23. 693, p < 0.0001) (Figure 3).

For the consonants involving primary constriction in the pala-
tal/velar zone, i.e., /k, x/, the analysis of the back total showed that
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contact did not vary significantly between the quiet and noise condi-
tions. Similarly, for the back CoG measure, no significant differences
in lingual placement in the palatal zone in the two conditions were
found (see Figure 3). As contact is evident in more anterior regions
for the palatal production of /k, x/ in the environment of /i/ (Figure 3),
separate analyses on the global total and global CoG were carried
out. The main effect of condition did not reach significance indicating
that production did not differ in the two conditions. Finally, condition
did not induce any significant effects on the degree of constriction of
the consonant /x/ as shown by the results of the back lateral measure
(Figure 3). It should be noted that although some contact is registered
for the velars /k, x/ in the posterior rows of the artificial palate, poten-
tial differences in placement or degree of constriction for /x/ occurring
further behind this area cannot be revealed by the EPG data.

3.2. Effect of consonant type

Duration varied significantly as a function of consonant (F(6,
559) = 1089.55, p < 0.0001) with the fricatives being longest and the
rhotic the shortest (Figure 4a). Post hoc tests showed that all dura-
tion differences among consonants were significant except for /t/ and
/1/, and /k/ and /n/.

The analysis of the front and back total for the consonants
/t, s, n, 1, r/ showed significant differences in amount of contact
among the consonants in both articulatory regions (front total:
F(4, 399) = 10055.659, p < 0.0001; back total: F(4, 399) = 549.904,
p < 0.0001). The total amount of contact in the alveolar zone
decreased in the order t>n>I>s>r and in the palatal zone in the order
t>s>n>l>r; post-hoc tests showed that all differences among conso-
nants were significant. In addition, the analysis of the front CoG
showed significant differences in anterior placement among these
consonants (F(4, 399) = 251.174, p < 0.0001). The consonant by sub-
ject interaction (F(12, 399) = 72.080, p < 0.0001) showed variability
in placement among speakers with a general trend for more anterior
placement for /1, n, t/, and less so for /c/ and /s/.

Finally, for the back consonants /k, x/, the consonant main effect
was significant for the back total measure (F(1, 159) = 661.376,
p < 0.0001) and the back CoG (F(1, 159) = 253.100, p < 0.0001).
More contact in the palatal zone was present for the stop than the
fricative; this difference was significant for all speakers but EP (F(3,
159) = 42.162, p < 0.0001). In addition, more fronted production was
found for the stop compared to the fricative for all speakers (F(3,
159) = 11.948, p < 0.0001) (Figure 3).
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3.3. Effect of vowel context

A significant vowel effect on consonantal duration was found
with longer duration present in the /i/ than /a/ context (vowel: (F(1,
559) = 161.88, p < 0.0001, consonant by vowel by condition: (F(6,
559) = 2.42, p < 0.026); post hoc tests showed that for the fricatives
this difference was significant in both the noise and quiet conditions
while for /k, n, 1/ significant differences were only evident in the quiet
condition. For /t, r/ effects did not reach significance in either condi-
tion. Similar inherent duration (section 3.2) and context-induced dif-
ferences for selected consonants and environments have been report-
ed before for Greek speech produced in quiet (e.g., Nicolaidis 2001,
2002, see Arvaniti 2007 for a review).

For the front total measure analysed for /t, s, n, I, ¢/, the vowel
main effect showed significant influence of the context with overall
more contact during consonant production in the environment of /i/
(F(1, 399) = 55.045, p < 0.0001). However, the consonant by subject
by vowel interaction (F(12, 399) = 5.128, p < 0.0001) showed variabil-
ity in the vowel effects, e.g., more contact in the alveolar region was
generally evident in the context of /a/ for /t/. Post-hoc tests showed
that not all differences were significant. Examination of vowel effects
at the temporal midpoint showed similar tendencies (subject by con-
sonant by vowel: (F(12, 399) = 5.190, p < 0.0001). The means of the
vowel by condition interaction showed a tendency for smaller V-to-C
effects in noise, i.e., smaller difference in amount of alveolar contact
between the /i/ and /a/ context in the noise than quiet condition. Such
a difference was not however statistically significant.

Analysis of the back total measure for /t, s, n, 1, r/ showed more
contact in the /i/ context (F(1, 399) = 4.114, p < 0.0001) in both condi-
tions F(1, 399) = 78.363, p < 0.0001). The means for the consonant by
vowel by condition interaction (F(4, 399) = 4.608, p < 0.001) showed
consistently smaller coarticulatory effects in noise compared to
quiet for all consonants (Figure 6 upper graph). This was evident in
the difference in palatal contact in the /i/ vs. /a / contexts in the two
conditions. In addition, coarticulatory effects decreased in the order
I>n>t>r>s in both conditions although in the noise condition small
and similar effects were evident on /t/, /s/ and /r/.

Similarly, at the temporal midpoint V-to-C effects were smaller in
the noise condition for all consonants but for /s/ which showed similar
effects in the two conditions. Effects decreased in the order 1>n>t>r>s
in quiet and l>n>r>t>s in noise; again in the noise condition, small
and similar effects were evident on /t/, /s/ and /c/ (F(4, 399) = 6.907,
p < 0.0001) (Figure 6 bottom).
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Figure 6. V-to-C effects on the tongue dorsum for the consonants /t, s, n, 1, r/
in the quiet and noise conditions at the frame of maximum contact/constriction
(upper graph) and the temporal midpoint frame (bottom). The graphs plot the dif-
ferences in the back total measure, i.e., the total amount of contact in the palatal
region (four posterior rows of the EPG palate) during the consonant in the envi-
ronment /i/ vs. /a/ in the two conditions.

Such coarticulatory findings are in agreement with the model of
lingual coarticulation based on articulatory constraints (DAC model)
proposed by Recasens et al. (1997). The model predicts coarticula-
tory effects on the basis of the degree of tongue dorsum involvement
in closure or constriction formation, interarticulatory coupling and
manner of articulation requirements. Similarly to findings from other
languages (see Recasens & Espinosa 2009 for a review), our data show
smallest effects on /s/ due to large articulatory constraints involved in
the production of this sound for the formation of constriction as well as
aerodynamic constraints. The largest effects were evident on /I/ and /n/;
the tongue dorsum is not involved in the formation of constriction for
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either sound while the reduced amount of linguo-palatal contact in the
palatal region results in smaller degree of articulatory constraint.

Furthermore, the analysis of the front CoG for /t, s, n, 1, ¢/
showed overall more fronted contact in the environment of /i/ (F(1,
399) = 554.710, p < 0.0001). This was true of all consonants (F(4,
399) = 169.649, p < 0.0001); post-hoc tests showed significant differ-
ences for /n, 1, r/. Some speaker variability was evident (consonant by
subject by vowel condition: (F(15, 399) = 5.498, p < 0.0001)) as in, for
instance, more fronted contact in the /a/ context for /t/ for speakers
AT and EP. Coarticulatory effects were generally large for the liquids
and nasal (decreasing in the order r>n>l) and small on /s/ and /t/.
The same was evident at the temporal midpoint (F(4, 399) = 114.599,
p < 0.0001). The means for the consonant by vowel by condition inter-
action showed that smaller V-to-C effects were overall evident in the
noise condition for /n, 1, ¢/, i.e., there were smaller differences in the
two vowel contexts. For /t, s/, V-to-C effects were small in both condi-
tions and relatively larger in noise (F(4, 399) = 5.855, p < 0.0001).
Similar effects were evident at temporal midpoint (Figure 7).

Strong articulatory constraints on the tongue tip/blade articula-
tor for the formation of constriction during /s/ (formation of central
groove) and /t/ (lingual bracing requiring great degree of linguo-
palatal contact) may account for the small contextual effects present
(cf. Nicolaidis 1999). It should be noted that the greatest amount of
contact in both the alveolar and palatal regions was found for /t/. The
tap was found to be produced with the smallest amount of contact
in the alveolar and palatal regions and to allow greatest contextual
effects along the horizontal anterior/posterior axis in the alveolar
zone. Smaller articulatory constraint may thus be assumed to exist
for this sound which is also frequently produced as an approximant
(cf. Nicolaidis 2001, Nicolaidis & Baltazani 2011, Recasens 1991,
Recasens & Pallares 1999, Recasens & Espinosa 2007).

For the fricative /s/, analysis of the front lateral measure showed
that the vowel context was significant at the 95% level with greater
centrality present in the /i/ context (F(1, 79) = 4.352, p < 0.041); how-
ever, the condition by vowel interaction (F(1, 79) = 8.734, p < 0.004)
showed that there was systematically more centrality in the /i/ context
in the noise condition only; this was confirmed by the post-hoc tests.
The vowel main effect did not reach significance at the midpoint.

For the back consonants /k, x/, the back total measure showed sig-
nificantly more contact in the /i/ than /a/ context (F(1, 159) = 7497.750,
p < 0.0001). Indeed, large effects were evident in the /i/ context for
both consonants. Such large effects involving a distant closure target
for velars as a function of the following vowel have been noted in the
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literature (Recasens & Espinosa 2009). Palatal production of velars
in the environment of front vowels in Greek can be seen in Figure 3
(cf. Nicolaidis 2001). The palatograms show that there is extensive con-
tact not only in the palatal region but also laterally in the alveolar zone
extending up to the most anterior rows of electrodes. Vowel effects were
significant and as described above at the temporal midpoint (vowel
main effect: F(1, 159) = 7014.819, p < 0.0001).

V-to-C effects in anterior placement at max

. quiet
Onoise

Front-COG difference
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Figure 7. V-to-C effects in anterior placement of the tongue tip/blade for the
consonants /t, s, n, 1, r/ in quiet and noise at the frame of maximum contact/con-
striction (upper graph) and at the temporal midpoint frame (bottom). The graphs
plot the differences in the Front COG measure in the environment /i/ vs. /a/ in
the two conditions.

The analysis of the back CoG for /k, x/ showed more front-
ed contact in the /i/ than /a/ environment (vowel main effect: F(1,
159) = 7217.710, p < 0.0001) with greater difference between envi-
ronments for the fricative than the stop (consonant by vowel: F(1,
159) = 242.049, p < 0.0001). The same was evident at the temporal
midpoint (vowel main effect: F(1, 159) = 7851.660, p < 0.0001; conso-
nant by vowel: F(1, 159) = 265.118, p < 0.0001).
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Finally, analysis of the back lateral measure for /x/ showed that
the vowel main effect was significant (F(1, 79) = 82.818, p < 0.0001)
with more centrality present in the /i/ than /a/ context for all speakers
(F(3, 79) = 27.058, p < 0.0001). The same effects were evident at the
midpoint (vowel main effect: F(1, 79) = 85.879, p < 0.0001; subject by
vowel: F(3, 79) = 16.346, p < 0.0001).

speaker duration
120
100
= 80
E
5 &0 W quiet
.g ongise
=3
s 40
20
0
MM AT ™ EP
gender differences
110
100

m male
O female

duration (ms)

o
=]

80

quiet noise

Figure 8. Average consonant duration (in ms) in the quiet and noise conditions
for all subjects (upper graph), for male and female subjects (bottom).

3.4. The effect of speaker and gender

Significant speaker differences in consonantal duration were
found (F(3, 559) = 28.95, p < 0.0001) with overall longest duration
produced by speaker MM and the shortest by AT while the other
two speakers, TP and EP, showed relatively similar durations. These
differences were evident in the quiet and noise conditions (F(3,
599) = 2.67, p < 0.047). Post hoc tests showed that differences among
subjects were significant but for those between TP and EP (Figure 8
and Table 2).
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Longer duration (Table 2) was evident for the female speakers
(gender: F(1, 559) = 35.30, p < 0.0001). These differences were signifi-
cant in both conditions (F(1, 559) = 9.20, p < 0.0001) as confirmed by
the post hoc tests; the means showed that greater gender differences
in consonantal duration were evident in the noise condition: 8% in
noise vs. 3% in the quiet condition (Figure 8). Moreover, male speak-
ers compress duration by 9% in noise while female speakers by 4%.

Table 2. Average durations (in ms) and standard deviations pooled for all conso-
nants in quiet and noise for the four speakers (MM, AT, TP, EP) (left) and for male
and female speakers (right).

QUIET NOISE QUIET NOISE
AVERAGE | ST. DEV | AVERAGE | ST. DEV AVERAGE | ST. DEV | AVERAGE | ST. DEV
MM | 105 40 101 37 male 99 37 90 35
AT 96 36 89 33 |female| 102 40 98 36
TP 101 37 91 38
EP 100 39 94 35

There were also significant speaker differences in the amount of
contact in the alveolar zone (front total measure) decreasing in the
order EP>TP>MM>AT (F(83, 399) = 144.198, p < 0.0001).* These differ-
ences in contact were evident both in the noise and quiet conditions
(subject by condition: (F(3, 399) = 7.145, p < 0.0001). The analysis that
included gender showed more alveolar contact by the female speakers
(F(1, 399) = 62.382, p < 0.0001) which was evident in the means for
all consonants (consonant by gender: (F(4, 399) = 6.271, p < 0.0001)
although post hoc tests showed that differences reached significance
only for /s/ and /l/.

Significant speaker differences were also found in the amount of
contact in the palatal region (back total measure) which decreased in
the order EP>MM>TP>AT (F(3, 399) = 176.279, p < 0.0001).5 These
differences in contact were evident both in the noise and quiet condi-
tions (subject by condition: F(3, 399) = 21.922, p < 0.0001). The analy-
sis that included gender showed overall more palatal contact for the
female speakers (F(1, 399) = 285.224, p < 0.0001) and for all consonants
although post hoc tests showed that differences were significant only
for /t, 1, ¢/ (consonant by gender: F(4, 399) = 35.952, p < 0.0001).

The means for the consonant by gender by vowel interaction
indicated greater coarticulatory effects for the male speakers (F(4,
399) = 8.623, p < 0.0001). This was evident also at the midpoint except
for /s/, which showed very small coarticulatory effects for both genders
but relatively greater for the female speakers (F(4, 399) = 13.625,
p < 0.0001) (Figure 9).
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Figure 9. V-to-C effects on the tongue dorsum for the consonants /t, s, n, 1, ¢/ for
the two genders at the frame of maximum contact/constriction (upper graph) and
the temporal midpoint frame (bottom).

For the front CoG measure, significant speaker differences were
evident (F(3, 399) = 78.925, p < 0.0001) with the male speakers show-
ing more fronted contact compared to the female speakers (gender:
F(1, 399) = 57.128, p < 0.0001); no significant speaker differences were
found within gender. The means of the consonant by gender interaction
(F(4, 399) = 11.058, p < 0.0001) showed more fronted contact for all con-
sonants produced by the male speakers (F(4, 399) = 11.058, p < 0.0001),
although post-hoc tests showed that significance was reached only for
/t/. The means of the consonant by gender by condition interaction (F(4,
399) = 3.231, p < 0.013) showed that there was an overall tendency for
more fronted contact by male speakers in both conditions with only few
exceptions present, i.e., /s/ in quiet and /I/ in noise.

For the fricative /s/, the analysis of the front lateral measure
showed significant differences among speakers with central place-
ment decreasing in the order MM>EP>TP>AT (F(3, 79) = 147.994,
p < 0.0001). Post hoc tests showed that all differences were signifi-
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cant among speakers. These differences in centrality were present in
both conditions. The analysis that included gender showed that more
central contact was evident for the female than male speakers (F(1,
79) = 145.134, p < 0.0001) in both conditions (condition by gender:
F(1, 79) = 4. 959, p < 0.029); significant differences were confirmed by
the post-hoc tests.

For the consonants /k, x/, significant speaker differences in
the amount of contact in the palatal region (back total) were evi-
dent decreasing in the order AT>TP>MM>EP (F(3, 159) = 29.750,
p < 0.0001).5 Male speakers showed more contact than female ones
(F(1, 159) = 14.810, p < 0.0001) especially so for the stop (consonant
by gender: F(1, 159) = 13.328, p < 0.0001).

For the back CoG, the subject main effect showed that it
decreased in the order AT>TP>EP>MM,; all differences were sig-
nificant. Thus, male speakers were found to have more fronted con-
tact than female ones (gender: F(1, 159) = 14.063, p < 0.0001) while
greater contextual effects were evident from the male speakers (vowel
by gender: F(1, 159) = 20.010, p < 0.0001) which was also the case at
the midpoint (F(1, 159) = 22.702, p < 0.0001). Finally, the analysis of
the back lateral measure for /x/ showed that the subject main effect
was significant; centrality decreased in the order of AT>TP>MM>EP
although post hoc tests showed that not all of these differences among
speakers were significant. Male speakers showed more central con-
tact (gender: F(1, 79) = 13.534, p < 0.0001) and more context effects
(vowel by gender: F(1, 79) = 21.892, p < 0.0001).

3.5. Token-to-token variability

Token-to-token variability did not differ significantly between
conditions. The consonant main effect was significant showing that
variability decreased in the order of l>r>n>s>k>t>x (F(6, 111) =
7.123, p < 0.001).” Greater variability was evident in the /i/ context
for all consonants but for /I/ (consonant by vowel: F(6, 111) = 6.138,
p < 0.001). Token-to-token variability may be interpreted to reflect
articulatory constraint and articulatory precision during production.
The results show less variability (thus more articulatory constraint)
for velars, the fricative /s/ and the alveolar /t/ and more variability
(thus less articulatory constraint) for the liquids and nasal in agree-
ment with the articulator constraint model proposed by Recasens
et al. (1997). It should be noted that velars in the environment of /a/
show very little, relatively invariant contact. This may influence the
findings reported here which do not reflect variability of the entire
consonantal gesture. However, in agreement with our findings, dor-
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sals have been reported to be highly constrained due to the involve-
ment of the tongue dorsum in the formation of the primary constric-
tion (Recasens et al. 1997).

4. Discussion

This study has shown that consonant production in noise is char-
acterised by spatio-temporal adaptations. Our findings also agree
with previous literature in showing increased speaker variability in
Lombard speech. The discussion below will report statistically signifi-
cant findings but it will also elaborate on overall tendencies which,
despite not reaching significance at all times, appeared to be system-
atic across speakers, conditions and so on. The relatively small sample
size and the increased speaker variation render the analysis of more
data necessary before firm conclusions can be drawn.

In the temporal domain, a tendency for shorter durations were
noted for all consonants, both voiceless and voiced, with very few
exceptions present. Significant differences were however found
only for /x, n/. Lu & Cooke (2008) reported slight shortening for /{/
and non alveolar plosives in English Lombard speech. Shorter con-
sonant duration was reported by Garnier et al. (2006) for French
Lombard speech while durational changes in vowels but not in
consonants (for voiceless and voiced plosives) were reported for
Spanish Lombard speech by Castellanos et al. (1996). Shortening of
consonants was also reported for Korean loud speech (for voiceless
consonants only) as well as German loud speech and French shouted
speech (Kim 2005, Geumann 2001, Bonnot & Chevrie-Muller 1991).
Shorter duration of intervocalic bilabial stops was reported by
Schulman (1989) for loud speech which was attributed to greater
velocities in the presence of greater articulatory displacements dur-
ing the production of the bilabial.

The degree of shortening differed among consonants. For exam-
ple, the alveolar plosive showed the smallest degree of shortening
despite its relatively long segmental duration. The production char-
acteristics of this sound which involve complete closure with lingual
bracing against the palate may result in resistance to shortening.
Strong articulatory (lingual and mandibular) and aerodynamic con-
straints involved in the production of the alveolar /s/ may also account
for its small degree of shortening.

In the spatial domain, significant differences in the total amount
of contact in the palatal region were found in the two conditions for /t,
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s, n, 1, r/. There was a tendency for less contact in the palatal region
for all these consonants produced in noise which suggests a lowered
tongue dorsum. The overall tendency observed can be interpreted in
line with evidence suggesting wider jaw opening in speech conditions
where greater amplitude is needed (Schulman 1989). Mooshammer et
al. (2006) reported, however, significant jaw lowering for vowels in loud
speech but a much less noticeable influence on consonants. In general,
their study showed lower jaw position in loud speech for consonants
typically produced with more open jaw positions such as /1, n/; still the
condition effect was not significant even for the lateral. Significant
speaker differences were however noted in jaw opening in loud speech
with some speakers showing lower jaw position for /n, 1/ and one speak-
er for /t, d/. No variation in jaw position due to vocal effort was found
for sibilant sounds. Our data has also shown significant speaker differ-
ences in palatal contact across consonants and conditions.

In addition our data has shown a tendency for more contact in
the alveolar region for the consonants produced in noise with just few
exceptions noted. Significant differences were however evident only
for /s/ and relate mainly to the articulatory patterns of one speaker.
A further interesting finding is the significantly more anterior place-
ment in the alveolar region for the consonants /n, 1, r/ in noise. Lack
of evidence of anterior displacement in noise for /t/ may relate to
the inability of EPG system used in this study to register contact in
the dental area or to the fact that in Greek /t/ is classified as dental
or dento-alveolar (Arvaniti 1999, Nicolaidis 1994) and thus already
involves very anterior constriction bounded by the teeth. For /s/
speaker variation was evident. For /n, 1, r/, however, it does indicate
articulation closer to the periphery of the vocal tract. Although such
advanced placement could be related to increased oral pressure in the
oral cavity, evidence of significantly more constricted groove width
for /s/ in noise, despite the increased oral pressure, indicates possible
hyperarticulation. More peripheral contact and greater amount of
contact during consonant production has been interpreted to suggest
stronger, hyperarticulated productions (Lavoie 2001).

Taking into consideration the overall systematic tendencies
observed but also the variability noted in the statistical results
reported, a tentative interpretation of the differences in consonan-
tal production in quiet and noise will be attempted. In view of the
finding that consonants are produced with more open articulation
in the palatal region and somewhat shorter duration, the speaker
has the following options: (a) to undershoot because the magnitude
of the gesture needed for constriction in the alveolar region is larger
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and there is some temporal compression; (b) to compensate for the
above in order to achieve the target. Reduction leading to undershoot
will be guided by system-oriented constraints and the principle of
economy. Indeed reduction effects on consonants frequently lead-
ing to more open articulations have been reported before for several
languages including Greek (e.g., Shockey 1991, Shockey & Farnetani
1992, Nicolaidis 2001). Compensatory behaviour reflects plasticity
in speech production and can occur when output purpose-oriented
constraints prevail over system-oriented constraints. Severe output-
oriented constraints may be assumed to exist in Lombard speech
due to the need for increased intelligibility and discriminability for
successful communication. Hyper-forms may thus be expected. It is
known that the tongue tip/blade and dorsum can act quasi-independ-
ently. If the more open tongue dorsum position, possibly related to
a lowered jaw, is considered a perturbation (Geumann et al. 1999),
“a ‘natural’ bite block” as Schulman (1989: 310) suggests, then the
tongue tip/blade can compensate for this. The speaker has again
two options, i.e., to achieve the target as in normal speech produced
in quiet or to hyperarticulate. The tendency for greater amount of
contact in the alveolar region may suggest hyperarticulation. This
can be accompanied by greater velocity of movement accounting for
shorter duration. A similar finding is reported for lip movement in
loud speech by Schulman (1989) where compensation for a lower jaw
by the upper lip results in a closure that is more complete than in
normal production. Greater lip compression for bilabial consonants
produced in noise is also reported by Garnier (2008). Evidence from
compensatory behaviour during consonant production in bite-block
studies using electropalatography (Flege et al. 1988) also shows
more linguopalatal contact in the bite block condition for English /t/
although speaker specific strategies in compensatory behaviour are
also noted, e.g., more contact for one speaker during /s/ but less con-
tact for another. However, in addition to evidence of overcompensa-
tion, the findings in the Flege et al. study showed that speakers did
not always compensate completely when producing /t/ and /s/, e.g.,
incomplete constriction for /t/ by Arabic speakers. Similarly, findings
on French /t/ produced in a bite-block condition showed speaker vari-
ability in amount of contact (more for one speaker, less for the other)
suggesting speaker specific strategies in compensatory behaviour
(Clairet 2008). The lack of significant results on amount of alveolar
contact in the current study may relate to speaker variation for par-
ticular classes of sounds possibly stemming from speaker specific
strategies in adaptive behaviour. Furthermore it relates to speaker
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variation in consonantal production as, for instance, the very palatal-
ised productions of consonants in the quiet condition by one subject
which were produced with increased alveolar contact in quiet and
reduced contact in noise.

Still, in Lombard speech a relationship between increased lingual
contact at constriction and increased oral pressure due to greater vocal
effort cannot be excluded. This is also pointed out by Garnier (2008) for
increased lip compression. However, her study showed increased lip
compression also for the bilabial nasal suggesting that other factors
may also play a role. Similarly, in the current study greater amount of
contact for three speakers for the nasal /n/ was found in the noise con-
dition. Furthermore, absence of target undershoot in our data suggests
that speakers opt for a more costly form of production.

In addition to reduction, coarticulation is also driven by the
preference of the speech production system to economise. Our data
showed systematically smaller coarticulatory effects in tongue dor-
sum and tongue tip/blade activity in noise. For the tongue tip/blade,
this was reflected both in context effects on place of articulation but
also on the overall degree of contact in the alveolar region, although
effects did not reach significance for the latter. Greater articula-
tory constraints on the tongue tip/blade imposed by the increased
contact evident in the alveolar region may account for the reduced
coarticulatory effects in line with the coarticulatory model based on
articulatory constraints (Recasens et al. 1997, Recasens & Espinosa
2009). This line of interpretation cannot, however, account for the
reduced coarticulatory effects in the palatal region since reduced
linguo-palatal contact in this region was evident in noise. In addi-
tion, the degree of coupling between the tongue tip/blade and dorsum
is expected not to be very strong for sounds such as /n, 1, ¢/, despite a
tendency for increased contact in the alveolar region in noise, as their
place of articulation was more anterior. The presumed more open jaw
position may be assumed to play a role potentially imposing articula-
tory constraints although compensatory behaviour between tongue
dorsum and jaw has been shown in various studies (e.g., Fletcher &
Harrington 1999) while for the production of the dentoalveolars the
tongue and jaw do not act coordinatively (Recasens 2002). Thus small-
er coarticulatory effects of the tongue dorsum may indeed be inter-
preted to relate to the severe output constraints evident in Lombard
speech aiming towards less contextually influenced, more ‘canonical’
productions for increased distinctiveness.

Despite differences in degree, the contextual effects present in
the quiet and noise conditions are in line with the model of articula-
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tory constraints. Consonants involving a high degree of articulatory
constraint such as /s/ and /t/ showed small coarticulatory effects from
the vowel context compared to consonants such as /1, n, r/ which are
not as highly constrained. The results reported in this study confirm
the hypothesis of an inverse relationship between the degree of articu-
latory constraint and the degree of coarticulatory effects (Recasens
et al. 1997, Recasens & Espinosa 2009; Farnetani 1991). Consonants
produced with less coarticulatory constraint (i.e., /1, n, r/), also involving
smaller amounts of contact, showed larger V-to-C coarticulatory effects.
The tap showed the largest V-to-C effects in anterior placement and
involved the smallest amount of linguo-palatal contact. These differenc-
es in articulatory constraint among consonants were also largely con-
firmed by the analysis of token-to-token variability which did not show
any further differences in articulatory precision between conditions.
Interestingly, the relationship between articulatory constraint and coar-
ticulatory variability is evident both in normal and Lombard speech.
Thus the nature of V-to-C coarticulatory effects is similar although the
degree of effects varies significantly in the two conditions. It is inter-
esting to compare the results of coarticulatory variability and token-
to-token variability with the findings of Geumann et al. (1999) who
examined coarticulation and loud speech as sources of perturbation.
They found that jaw position for the /s/ in German was very precise so
that there was no need for compensation from the tongue tip for the
formation of constriction while variability in jaw and tongue position
increased from fricatives to stops to lateral and nasal sounds. Less vari-
ability near consonantal constriction, i.e., at the tongue tip/blade, and
greater variability at the posterior parts of the tongue were reported.
For the /k, x/ consonants, no differences in amount of contact
were evident in the two conditions. For the production of velars, very
limited contact was registered by the EPG so it is not possible to
examine potential condition-induced effects. Palatal production in
the environment of /i/ does however involve substantial contact in
the palatal region. Still, palatals were similarly produced in the quiet
and noise conditions. Compared to the alveolars, this difference may
relate to their retracted place of articulation and the different articu-
lator used, the tongue dorsum. This articulator has been shown to be
highly constrained during the production of dorsals (Recasens et al.
1997). Less distance also needs to be travelled by the tongue dorsum
for the formation of constriction compared to the tongue tip/blade for
alveolar constriction. In addition, the jaw-tongue coordination may be
expected to differ in the formation of the constriction of dorsal sounds
compared to alveolar sounds. Increased articulatory constraint for the
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velars was also confirmed by the results of token-to-token variability.
In addition, smaller V-to-C effects on the stop than fricative in the
horizontal, anterior/posterior, axis in the environment of /i/ vs. /a/ can
be interpreted to relate to increased articulatory constraint for the
formation of complete closure for the stop.

Gender differences are also evident in the data. Consonantal dura-
tion was greater for the female speakers and greater gender differences
in duration in the noise condition were found. This result may be inter-
preted to accord with the finding that female speakers are more intel-
ligible than male speakers in speech produced in noise (Junqua 1993).
Greater distinctiveness, higher intelligibility and productions charac-
terized by greater articulatory precision have been reported for female
normal speech previously (e.g., Bradlow et al. 1996, Henton 1992,
Labov 1990). Such differences have been attributed to bio-physical or
social reasons (Simpson 2001, 2003, 2009; Labov 1990; Henton, 1995).
Overall, greater vowel durations and utterance durations by female
speakers have been reported previously for normal speech for several
languages (e.g., Ericsdotter & Ericsson 2001, Simpson 2001, Simpson
2002, Byrd 1992, Whiteside 1996) although contradictory results have
also been reported (e.g., Simpson 2001, 2002, Simpson & Ericsdotter
2003). Simpson & Ericsdotter (2003) report greater stressed vowel
duration for female speakers but greater consonantal durations for
male speakers in their study suggesting that clarity may be restricted
to places of prominence. The current study has provided evidence of
longer consonantal durations by female speakers in Greek Lombard
speech. Interesting production differences in articulatory placement
and degree of contact were also found between genders. Male speak-
ers had overall more anterior placement in the alveolar region for /t, s,
n, 1, r/ and the palatal region for /k, x/. They also produced /t, s, n, 1, ¢/
with overall less tongue-palate contact in both the alveolar and pala-
tal regions and /k, x/ with more palatal contact. Thus, for the female
speakers there was more extensive contact of the tongue tip/blade
and dorsum with the hard palate during the production of /t, s, n, 1, r/.
The fricative /s/ was also produced with increased centrality by female
speakers. Such findings may relate to the smaller V-to-C coarticulatory
effects evident for female speakers. However, smaller coarticulatory
effects were also evident on the dorsals for the female speakers despite
reduced palatal contact compared to the male speakers. Although
anatomical/mechanical constraints and gender-related aerodynamic
differences may play a role, the results indicate that such spatio-tem-
poral patterns may also function to enhance the intelligibility of female
speakers in both quiet and noise conditions.
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Overall durational, articulatory and coarticulatory differences
between speech produced in normal vs. noise conditions have been
reported in this study. There are several limitations in this study
that need to be considered in future research: (a) the relatively
small sample size; more data is needed for more robust statisti-
cal results and interpretations; (b) the type of material analysed;
less controlled material in communicative situations needs to be
used in order to examine communicatively driven modifications; it
is interesting that even with the controlled material examined in
this study, where the level of communicative involvement is low or
absent, the effects identified point towards strategies used for maxi-
mal efficiency in communicative situations in adverse conditions;
(c) different levels and types of noise can also be used to examine
potential differentiation on the nature and degree of effects; (d)
analysis of sentence duration and in general rate differences in qui-
et vs. noise need to be examined; (e) more subjects also need to be
studied for more robust gender related generalisations to be made;
(f) anatomical differences in palatal shape need to be considered in
the interpretation of results. Some work towards the above is cur-
rently underway.

5. Conclusions

The results of this study have shown that there are important
spatio-temporal modifications in Lombard speech and presence of
variability. Although increased vocal effort may relate to some of
the patterns found, there is some first evidence that speakers use
adaptive strategies to compensate for the severe output constraints
present in Lombard speech due to the need for increased intelligibil-
ity and discriminability for successful communication, in line with
the framework of adaptive variability proposed by the H&H model.
Results show that consonants are produced with more open articu-
lation in the palatal region and somewhat shorter duration in the
presence of noise. The speaker has thus the following options: (a) to
undershoot (system oriented behaviour), (b) to compensate in order
to achieve the target (output oriented behaviour). The tendency for
greater amount of contact in the alveolar region, more anterior place-
ment for selected consonants and more constricted groove width
for /s/ may suggest hyperarticulation. This can be accompanied by
greater velocity of movement due to greater articulatory displacement
accounting for shorter duration.
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Evidence of lack of undershoot, production of hyperarticulated
forms and reduced coarticulation points towards speech modifications
that can be communicatively driven.
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1 Note that the global total and global CoG were calculated only for the palatal
production of /k, x/ in the environment of /i/.

2 More contact was found in noise for /t/ and /c¢/ (for the latter in the /i/ context
only) by speaker MM, and for /s/ by EP.

3 1.e.,/s/, It/ were less fronted for EP, and /n/, /I/ for AT in noise.

4 All differences were significant but between TP, MM.

5 All differences were significant but between EP and MM.

6 All differences were significant but between AT, TP and TP, MM.

7 Pairwise comparisons showed that /l/ and /r/ differed significantly from /s, k, t, x/,
/k/ from /x/, and /x/ from /n/.
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