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Place of articulation of anterior nasal versus staps in Croatian

ABSTRACT

The place of articulation is an important notiorplonetics because it determines the shape
and size of the whole vocal tract during speecmg@quroductions. The purpose of this
investigation is to analyse the place of articolatf anterior nasal versus oral stops in
Croatian. Although there is agreement that placereerin/ and /t, d/ is in the anterior region,
there is disagreement among different authors abeyprecise place of articulation for these
sounds. Some authors view these targets as shdeintical placement, while others view
placement of /n/ as more posterior to /t, d/. s gaper we use electropalatography (EPG) to
investigate whether placement for these soundgisame or different.

The speech of six participants was recorded fopthposes of this study. The speech
material consisted of 972 VCV sequences (V =dil, lu/; C = In/, It/, /d/). Four EPG indices
were analysed: the ACoG measure, the amount oficbat dental and alveolar articulatory
zones (dentoalveolar articulation being inferrediriectly), incomplete EPG closures and the
lateral contact measure. Coatrticulatory effectganfels on placement were also measured.
The results showed that /t/ /d/ and /n/ generdlred the same place of articulation in the
dentoalveolar region, but also that relating guatite physiological data to specific places of
articulation should be done cautiously, taking iatcount variability in individual
productions. The analyses also showed that /nfritcaé incomplete EPG closures and a
significantly lower amount of lateral contact, wreympared with /t/ and /d/. The nasal was
more variable and showed least coarticulatory tasce in different vowel contexts compared
to /t/ and /d/.

The results of this study are discussed in ternexisting descriptions of Croatian consonant

system, but also in light of cross-linguistic fings.



1. INTRODUCTION

Place of articulation is one of the most importaotions in phonetics. Place of articulation
refers to the range of different locations withwe ral cavity at which the major articulatory
events involved in speech sound production occad¢lfoged & Maddieson 1997). However,
place of articulation has a wider significance mopetics, because it fundamentally
determines the shape of the whole vocal tract (foaygel & Maddieson 1997, Skar2007).

In this investigation we focus on an area of cordrsy regarding the place of articulation of
the nasal /n/ in Croatian. There is disagreemetwd®n different authors about the exact
placement of the Croatian nasal /n/. Out of tequemtly used handbooks and grammars,
three describe /n/ exclusively as dental (Brozd@91: 404, Bad, Lorcaric, Mali¢, Pavesi,
Peti, Z&evi¢ & Znika 2005: 51, Sifi & Pranjkovi 2007: 13), three describe it exclusively as
alveolar (Bakran 1996: 58, Landau, kan¢, Horga & Skard 1999: 66, Skaéi2007: 64), two
as dentoalveolar (Milatil933: 45, 46, Tezak & BabR005: 55), while two authors assign
several places of articulation: alveolar and defdalaska 2004: 49), dental, dentoalveolar and
alveolar (Skati 1991: 125). The articulation of /n/ within the beavity is often compared
with the articulation of /t/ and /d/ (especiallytiwvihe voiced /d/). One reason for the
comparison is that the linguopalatal contact ofésembles that of other apical/laminal
sounds because it is produced by a combinatiosterfd! bracing and an upward movement
of the tongue tip/blade, which results in a horeesthape of tongue-to-palate contact
(Gibbon 2004). However, as seen in table 1, autthonsot agree whether Croatian /n/ differs

in the place of articulation from /t/ and /d/ ortno



it/ Idi in/
Bakran, 1996. dentoalveolar dentoalveoclar alveolar
Baric et al. 2003. dental dental dental
Brozovic, 1991. dental dental dental
Landau et al. 1999. dental dental alveolar
Jelaska, 2004, alveolar (also dental)  alveolar (also dental)  alveolar (also dental)
Miletic, 1933. dentoalveolar dentoalveclar dentoalveolar
Sili¢ & Pranjkovic, 2007. dental dental dental
Skaric, 1991, dental, dentoalveclar dental, dentoalveclar  dent., dentoaly., alv.
Skaric, 2007. dental dental alveaolar
Tezak & Babic, 2005. (dento)alveolar (dento)alveolar {dento)alveolar

Table 1. The description of the place of articalatin /t/, /d/ and /n/ in ten different literature

sources.

Although there is some disagreement about the mibadiculation of /t/ and /d/, the majority
of authors view their place of articulation as @iiBrozove 1991, Landau et al. 1999, Bari
et al. 2005, Sili & Pranjkovit 2007, Skati 2007), while in three sources they are defined as
dentoalveolar (Mileti 1933, Bakran 1996, Tezak & B&I#005), and one author describes
them as alveolar and dental (Jelaska 2004). Howéetska (2004) cautions that /t/ and /d/
can also be produced at a dental place of artiomnlathus partly agreeing with the majority
opinion. Skai (1991) allows for both dental and dentoalveolacpment of /t/ and /d/.
Despite some difference in opinion regarding trexige place of articulation for /t/ and /d/,

all authors agree that it is located somewherberdental-alveolar region, which is generally
similar to the classification of the nasal /n/. Hawer, what is different between the plosives
and the nasal is that the nasal is exclusivelylliath@s alveolar in three literature sources,
while an alveolar place of articulation is neveclasgively assigned to the plosives.

Although there are languages which contrast demtélalveolar places of articulation, such as
Malayalam and Javanese (Ladefoged & Maddieson 198/&r 2002, Zsiga 2013), dental
and alveolar places of articulation are not cotitrasn Croatian and that might be the reason
for differences in classifications (Jelaska 2002). Selaska (2004) further explains that these
anterior Croatian sounds are almost always prodatedth dental and alveolar regions so
they could best be described as dentoalveolar.

It should be noted that the alveolar status ofGtwatian lateral approximant /I/ and trill /r/ is
not controversial. AlImost all the above authorsraefl/ and /r/ as alveolar, Brozéwi1991)



being the only exception describing /I/ as dergiihough highly variable. The existence of
the alveolar place of articulation in some Croaspaech sounds is therefore not in question.
Instrumental techniques, in particular palatogramlay provide detailed and specific
information about place of articulation, but thypé¢ of data on articulatory characteristics of
Croatian nasal /n/ is scarce and dated. Mit933) gathered static palatographic data of
speech sounds in isolation. This is the only stubich provides extensive instrumental data
on Croatian (and Serbian) speech sounds. Apart desuribing the place of articulation,
Mileti¢ briefly mentions increased tongue-to-palate cdantagability in /n/ when compared

to /t/ and /d/, but the description is qualitatre¢her than quantitative. Milétalso mentions a
lower amount of linguopalatal contact in Croatishwhen compared with its non-nasal
counterparts (Mileti 1933: 47), but the author does not present antacbmeasurements to
back up this observation.

Increased variability might be the reason why redess disagree on the exact placement of
the nasal /n/ in Croatian. Increased variabilitynasal sounds is reported in other languages
including English and Spanish (McLeod 2006, Colan& Kochetov 2012). Colantoni and
Kochetov (2012) noted that nasals are notorioustieir variability and mention several
studies showing different factors that influenceafaility in nasals: increased linguopalatal
contact in prosodically strong positions, decredsggiopalatal contact and vocalisation in
prosodically weak conditions, deocclusivisiatiome(bccurrence of incomplete closures) in
intervocalic position and assimilation in place enthe influence of surrounding consonants.
In their study, the authors report on three souotessal variability in Argentine and Cuban
Spanish: dialectal variability (the majority of maproductions in Argentine Spanish were
alveolar, while velar realisations were much moeg@ient in Cuban Spanish), speech-style
related variability (the higher frequency of deastvisations occurred in less formal speech
tasks) and variability caused by different segmeartd suprasegmental contexts
(deocclusivisation was found to be highly dependentowel context, increasing in
frequency with a more posterior vowel productioid$)e investigation was focused on nasals
in word final position and authors note that vaitighbin intervocalic position can differ.
Furthermore, a lower amount of linguopalatal contacasals when compared with non-
nasals is another characteristic often reportedhar languages (McLeod 2006, Gibbon,
Yuen, Lee & Adams 2007, Shosted, Hualde & Scarg@de). The main reason for this
seems to be higher intraoral pressure in /t/ ahdifdén compared with /n/ (Subtelny, Worth
& Sakuda 1966, cited in Gibbon et al. 2007), rasglin higher lingual pressure and
consequently increased linguopalatal contact ihstogs.



One way to find out more about whether placementribin Croatian is the same or different
from /t, d/ is to use the technique of Electropadaaphy (EPG). EPG measures details of
tongue-to-palate contact in the anterior regiothefpalate and is able to capture the
dynamics of tongue-to-palate contact patterns €gi113). Detailed technical accounts of the
technique are presented in Wrench, Gibbon, McNedl Wood (2002) and Wrench (2007),
while the development of EPG systems and an owerefats applications are given by
Gibbon and Nicolaidis (1999).

From the data reviewed above, it is not clear wérettt, /d/ and /n/ share the same place of
articulation in Croatian, or whether they are dfat. Resolving this controversy is highly
relevant for a full and accurate phonetic des@iptf the Croatian sound system. Objective
evidence, such as derived from EPG, about whatdsomthe Croatian language share the
same place of articulation is important for phogatal theory and understanding speech
disorders where they occur in Croatian speakers.uble of EPG makes it possible to
discover whether the oral and nasal targets apatated” from each other in terms of the
place of articulation distance, which is predicifety and /d/ are dental and /n/ is alveolar. If
on the other hand these sounds share the samegbladeulation, there should be no such
articulatory separation revealed in the EPG data. HPG data will also indicate whether
placement can best be described as dental fa¥ And alveolar for /n/ for these targets. As
part of this, EPG data will also be used to analsteral tongue-to-palate contact,
deocclusivisation (incomplete closures) and coaldtory processes caused by different
symmetrical vowel contexts.

Based on the previous reports on the place ofudation for coronal nasal and oral stops in
Croatian reviewed above, we hypothesise that Abeiproduced at a more posterior place
of articulation than /t/ and /d/ and that it wii produced with less tongue-to-palate contact.
This hypothesis is also warranted by the resultaioéd from other languages, since it has
been reported that /n/ is often more posterior ftfaand /d/ in several languages. We also
hypothesise that productions of /n/ will be morealale than /t/ and /d/ productions, since it
has been reported that anterior nasal is produdédelatively lower tongue-to-palate
contact than anterior plosives and that nasalg@merally more variable as well.



2. METHOD

2.1. Participants

The speech from six participants was analysedisnstindy: 3 female (F1, F2, F3) and 3 male
(M1, M2, M3). They had no history of speech or Ihgurmpairments and their participation
in the study was voluntary. Participants' age rdriggtween 26 and 35 years and the mean
age was 30.8 years. The participants were origitfiadm different parts of Croatia (southern,
northern and western Croatia). However, at the tifrecording they all lived in Zagreb for
more than five years (four of them for more thary&@rs) and their speech can be
characterised as the new Implicit Croatian Norne (sker & Gibbon 2012). Therefore, their
productions of the nasal and plosives presumalelyat influenced by their origin, especially
since there are no reports that sounds /t/, /d/@ndiffer in different Croatian dialects.

2.2. Speech material

Speech material used in this study was extracted the simultaneous EPG and acoustic
corpus of Croatian speech (CROELCO). A detailectdgtson of the CROELCO corpus was
presented in Liker (2009) and Liker, Horga and Mdd (2012).

The speech material used in this study compris@d\8ZV sequences with analysed
consonants in symmetrical and asymmetrical vowetexds. Each consonant was recorded in
nine VCV sequences (V = vowels /i, a, u/, C = cowsus /t, d, n/, iCi, iCa, iCu, aCi, aCa,

aCu, uCi, uCa, uCu), so the wordlist comprised ZX\sequences. Each speaker repeated the
wordlist 6 times, with a short-falling accent pldaa the first syllable. This is in agreement
with accentuation rules in Croatian, because acmerhe last syllable is not typical for
Croatian. The short-falling accent on the firstadyle represents a frequent pattern in Croatian
speech and one that differs least in differentetaas of Croatian.

2.3. Data acquisition and instrumentation

WINnEPG system connected to a standard PC was asédth collection (Wrench et al.

2002). The acoustic signal was recorded simultasigata M-Audio MobilePre USB sound
card/pre-amplifier with a standard microphone catea to the WIinEPG system.

All speakers had a custom made artificial EPG palafit shugly against their respective
palates. The palate used for EPG data collectianthe latest of EPG palate designs: the
Articulate palate (see Wrench 2007). There arelé@redes embedded in the palate, and they
are arranged according to each speaker's indivigalatal anatomical characteristics. The



Articulate palate's main advantages over the siRading design are better dental and velar
coverage and lower manufacturing costs (see Wr200#, Tabain 2011).

Prior to data acquisition all speakers underweamtcastage desensitization procedure. The
desensitization procedure was designed with thdtsssom McAuliffe, Robb and Murdoch.
(2007) in mind, who found that speakers are abbaltpt their speech to the presence of an
artificial palate, but need from 45 minutes up teo8irs to do that. Therefore, the first phase
of the desensitization procedure in this invesiigatasted for five days, with two-hour
palate-wearing sessions each day. During thosdntwios speakers were instructed to engage
in spontaneous conversations or occasionally redtew passages out loud with the palate in
the mouth. The second phase of desensitizatioreduve was prior to the recording and
lasted for a maximum of one hour. The recordingcpdure started when the speaker's
articulation was rated as acceptable by two traptezheticians. Speakers where recorded
while reading the individual words presented owmaputer screen. They were instructed to
read the words out loud with the short falling ataan the first syllable. Their ability to do so
was checked prior to recording. Their productioesevmonitored by the first author of this
paper and when a speaker made a mistake, the iegovds repeated.

2.4. Data analysis

Segmentation and annotation were performed usmditiculate Assistant software (Wrench
et al. 2002, Wrench 2008). Annotation criteriadaled a well-established set of criteria for
stop articulations in similar studies (Gibbon andadf 2003, Gibbon et al. 2007): the start of
the annotation was defined as the first EPG framogvéig a complete linguopalatal contact in
one or more rows of electrodes. Similarly, the efithe annotation was marked at the last
EPG frame showing a complete linguopalatal cordastss one or more rows of electrodes.
Maximum contact points within the annotation wentanatically determined by the
software.

The Articulate Assistant software was used to dateuthe following EPG indices:

1. Place of articulation was estimated by meanhe@fCoG measure (Gibbon & Nicolaidis
1999) at the maximum contact point:

(45xR4) + (5.5xR3) + (65xR2) + (7.5xRL)
R4+ R3+R2+RL

The ACoG measure is an adaptation of the CoG medblardcastle, Gibbon & Nicolaidis

ACoG=

1991), which is widely used to determine the lamatn the palate of the highest
concentration of contacted electrodes on the paladethus estimate the place of articulation



of a particular sound (e.g. Gibbon, Hardcastle &daidis 1993, Mair, Scully & Shadle
1996, Gibbon, McNeill, Wood & Watson 2003, Gibbonood 2003, Simonsen & Moen
2004, McLeod 2006, Cheng, Murdoch, Goozee & Sdad72. The ACoG measure is a
relatively robust method of measuring place ofcatéition of anterior lingual sounds because
it measures the area with the highest concentrafieontacted electrodes in the four central
electrodes over the four front rows of the pal&#bon & Nicolaidis 1999). It reduces the
influence of side electrodes and back electroddsb(® et al. 1993), hence it provides more
precise measurements with anterior consonantsgiiehiACoG value indicates a more
anterior articulation, while a lower value indicaie more posterior articulation.

The significance of difference was tested by mednke unequal variance t-test
(heteroscedastic t-test) using MS Excel.

2. Amount of contact was measured separately inamroulatory regions: dental and alveolar
(figure 1) at the maximum contact point. The amafrd¢ontact equals the number of
contacted electrodes in a particular articulategion at the maximum contact point, divided
by the total number of electrodes in the articulategion. A higher amount of contact index
indicates more linguopalatal contact in a particaldiculatory region. Dentoalveolar place of
articulation cannot be measured directly due taattieulatory zoning scheme of the
Articulate palate. However, it is possible to infeemtoalveolar place of articulation indirectly.
Places of articulation are classified as follows:

a) The articulation is dental if the largest amoafntontact is in the dental area and
the difference between the amount of contact irddrgal and the alveolar contact is
statistically significant.

b) The articulation is alveolar if the largest ambaf contact is in the alveolar area
and the difference between the amount of contatttardental and the alveolar contact is
statistically significant.

¢) The articulation is dentoalveolar if there isgar contact in the dental and the
alveolar area, meaning that difference betweevtbeamounts of contact is statistically non-
significant.

The significance of difference was tested by mexdrtke two-way ANOVA with replication
using MS Excel.



Figure 1. Articulatory zoning schemes on the Artatel palate: 1 — dental region, 2 — alveolar

region 3 — postalveolar region, 4 — palatal anelanregion (adapted from Wrench, 2007).

3. The number of incomplete closures in each cam#omnas calculated relative to the total
number of productions and expressed as a perceriRagetitions without full electrode
activation across one or more rows of electrode® &anotated according to the acoustic
signal and marked as "incomplete closure". The sttwaues for the stops /t/ and /d/ were the
beginning and the end of the occlusion silenceherspectrogram. The acoustic cues for the
nasal /n/ were the presence of the nasal murmuoatiege nasal antiformant on the
spectrogram (Bakran 1996, Kent & Read 2002). Pérmieincomplete EPG closures for each
speaker and each vowel context was calculatedniitrder of incomplete EPG closures was
counted for each repetition and each vowel contixigled by the total number of repetitions
(6) and multiplied by 100 in order to express iagsercentage.

4. Lateral contact was measured by totalling thewarhof contact at the two most lateral
columns of electrodes at each side of the EPGegatahe maximum contact point (the lateral
contact index). A higher lateral contact index aades increased lateral contact.

The significance of difference was tested by mednke unequal variance t-test
(heteroscedastic t-test).

5. Coarticulatory effects of different vowel conepn anterior nasals and plosives were also
investigated. Based on the previous studies onsasather languages, different vowel
contexts were expected to influence placement aodausivisation processes. In order to
investigate these processes, we analysed the AGSure in three symmetrical vowel
contexts (iCi, aCa, uCu) and the occurrence ofrmuete closures in all vowel contexts.
Coatrticulatory effects on the ACoG measure weresonesl in symmetrical vowel contexts
only, because symmetrical contexts provided a roontrolled experimental condition
regarding coarticulatory direction (anticipatory garryover coarticulation). The temporal
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extent and the directionality of coarticulatory geeses were not within the scope of the
investigation, so symmetrical vowel contexts predenough information on how different
vowels influence placement, without introducingaallitional factor, i.e. the direction and the
temporal extent of that influence. Therefore, aswtniwal vowel contexts were excluded
from measuring how different vowel contexts inflaerthe variability of the ACoG measure.
All vowel contexts were taken into account for #malysis of deocclusivisation processes.
The significance of difference was tested by mexdrtke two-way ANOVA with replication
using MS Excel.

Statistical variability (Var) was calculated fot @idices by dividing the standard deviation
(SD) by the mean (M) and multiplying the result18p:

Var = [E)j x100
M

3. RESULTS

3.1. Place of articulation

The analysis of the ACoG measure at maximum copi@ict does not show a clear
separation of the place of articulation betweendt/and /n/ for most of the speakers (figure
2). Average ACOG values, which reflect relativecglaf articulation in the three consonants,
are very similar, the most fronted being /d/ (meafl, SD: 0.11), which is followed by /n/
(mean: 6.80, SD: 0.31) and /t/ (mean: 6.79, SD8)0.0Only speaker F2 produces the nasal /n/
with a clearly more posterior place of articulatiédl other speakers except F3 produce the
stop /d/ as most fronted, which is followed bydnd then /t/ as the most posterior. The
ACOoG in /t/ ranges between 6.71 (SD: 0.28) in Fd @89 (SD: 0.13) in F2, in /d/ that range
is between 6.91 (SD: 0.19) in F3 and 7.20 (SD:)1®811, and in /n/ between 6.17 (SD:
0.69) in F2 and 6.96 (SD: 0.28) in F3. These reddi not support the description of /n/ as
alveolar and /t/, /d/ as dental. The similarityvioe¢n the place of articulation of the nasal /n/
and oral stops is illustrated by average electaipgtams (figure 3).

The high standard deviation indicates greater bditiaof the ACoG measure in /n/ (4.59)
compared with /t/ (1.56) and /d/ (1.78).

Heteroscedatic t-test shows that the differenc®GoG is not significant between /t/ and /n/
(t(442) = 1.9654, p > .1), while the differencevibe¢n /d/ and /n/ is significant (t(640) =
1.9636, p <.001). The significance of the differeetween /d/ and /n/ is mainly due to the
results obtained from the speaker F2, because whenexcluded from the calculation, the
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difference between /d/ and /n/ becomes non-sigmfi¢t(502) = 1.9647, p > .05). The
difference between /t/ and /d/ is also significg(#61) = 1.96512, p <.001).

—fl— ACoG-t
={] = ACoG-d
= O = ACoG-n

ACoG
(]

F1 F2 F3 M1 M2 M3

Speakers

Figure 2. The place of articulation measured byAGeG index in /t/, /d/, In/ in each speaker.
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Figure 3. Electropalatograms averaged across voaveexts measured at maximum contact
points in /t/, /d/ and /n/ in each speaker. Artataty zoning schemes are marked on the empty
electropalatograms on the right (1 — dental reg@n,alveolar region 3 — postalveolar region,

4 — palatal and 5 velar region).

3.2. Amount of contact in dental and alveolar regions

The analysis of the amount of contact data in dhffié articulatory regions provides a more
detailed view of the exact placement of the th@emal consonants. As expected, stops /t/
and /d/ are produced with most contacts in thealeagion by all speakers (figures 4 and 5).
Voiceless stop /t/ is produced with almost maxioetal coverage (mean: 0.99, SD: 0.01)
and a smaller amount of alveolar contact (mear8,&®: 0.06). Voiced stop /d/ shows a
similar tendency, having almost maximal dental aoh{mean: 0.99, SD: 0.02), while
alveolar (mean: 0.78, SD: 0.15) contact is lowericeless stop /t/ shows higher dental and
alveolar contact than voiced /d/, which is a diremisequence of voiceless stops having
increased total tongue-to-palate contact relabvieir voiced counterparts (Farnetani 1990,
Dart 1998, Moen, Simonsen, Huseby & Grue 2001, §@&Perrier 2003, Fuchs 2005).
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Nasal /n/ is produced with the highest amount atact in the dental region (mean: 0.76, SD:
0.28) and similarly high contact in the alveolagiom (mean: 0.74, SD: 0.12). When
compared with the plosives, nasal productions simowne interspeaker variability, whereby
four speakers demonstrate more dental than alveofdact (F3, M1, M2, M3), while two
speakers show the opposite articulatory stratedyyafel F2) (figure 6).

The statistical variability measure shows a higlrde of variability in /n/ in both articulatory
regions (dental: 53.72%, alveolar: 37.64%), whemmared with variability in /d/ (dental:
6.81%, alveolar: 26.44%) and /t/ (dental: 2.77%sealar: 13.04). Variability in the nasal is
higher in the dental area, while in the plosivas ligher in the alveolar area, especially in
/d/.

A two-way ANOVA with replication shows that the f#ifence between dental and alveolar
contact is significant in /t/ (F(1, 5) = 35.05, p6901) and /d/ (F(1,5) = 175.18, p <.0001),
but non-significant in the nasal (F(1, 5) = 0.08, d). Note that the p-values for the
interaction between the amount of contact and sreslfow significance for all three
consonants: /t/ (p <.01), /d/ (p <.0001), andpn« .01). This result is important, because it
shows that the difference between the dental amdltfeolar contact is not consistent in all

speakers.
1,2
g 11 AN P uh —p—. A
S 08 - A
Y— +
5 0.6 - Dental
= - A- Alveolar
3 04
g
< 0,2 A
0
F1 F2 F3 M1 M2 M3
Speakers

Figure 4. The amount of contact in dental and darearticulatory regions in voiceless stop /t/
in each speaker.
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Figure 5. The amount of contact in dental and darearticulatory regions in voiced stop /d/

in each speaker.

—&— Dental
- A- Alveolar

Amount of contact
o
(o))
|

F1 F2 F3 M1 M2 M3

Speakers

Figure 6. The amount of contact in dental and darearticulatory regions in nasal /n/ in each

speaker.

3.3. Incomplete EPG closure

The results showed that incomplete closure was stlman-existent in the voiceless stop /t/, it
was somewhat more frequent, although still lowthim voiced stop /d/, while the productions
of the nasal /n/ had the highest percentage ohipdete closures (table 2).

F1 F2 F3 M1 M2 M3
Incomplete it/ 0% 0% 0% 0% 4% 0%
Incomplete /d/ 2% 0% 0% 0% 26% 0%
Incomplete /n/ 0% E7% 6% 20% 7% 7%

Table 2. The percentage of incomplete EPG closaras /d/ and /n/ in each speaker.
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It is important to note that the number of inconplelosures is not proportionally distributed
for each sound: e.g. speaker F2 has the highestmiage of incomplete closures in /n/, but
no incomplete closures in /t/ and /d/, while theadfer M2 has the highest percentage of

incomplete closures in /d/, but low percentagenbpfoductions with incomplete closures.

3.4. Lateral contact

The lateral contact measure shows a very considiéetence between the nasal and the two
stops (figure 7). Five speakers (F1, F2, F3, M1MAaJ show very similar tendencies in
differentiating between the nasal and the stopsrdowy to the lateral contact measure: /t/ is
produced with the highest amount of lateral contaetan: 0.89, SD: 0.03), /d/ with
somewhat less lateral contact (mean: 0.79, SD) @@& the nasal /n/ with the least amount of
lateral contact (mean: 0.75, SD: 0.07). Only theager M3 shows a different tendency, with
the stop /d/ showing the least amount of lateratact, followed by /n/ and then /t/. In
speaker F3 the difference in lateral contact méabhseen /d/ and /n/ is very small. The
lateral measure in /n/ ranges between 0.66 (S[3) @MAV2 and 0.80 (SD: 0.02) in M3, in /d/
its values are between 0.69 (SD: 0.02) in M2 aBé QSD: 0.02) in F3, while in /t/ the lateral
measure ranges between 0.84 (SD: 0.01) in M3 @#1(&D: 0.09) in M2.

Statistical variability of the lateral measure ighter in /n/ (8.79) than in /d/ (7.46) and /t/
(3.34).

Heteroscedastic t-test shows that the differendat@ral contact is significant between /t/ and
In/ (1(622) = 1.9637, p <.001) and between /d/ Ad¢t(506) = 1.9638, p <.001). The
difference between /d/ and /t/ is also signific(869) = 1.9641, p <.001).

1 -
0,9 .\./I———I——-\.
©
@ O~ /,u\
g 0,8 ~ ﬂ/,' Q’\‘D o) = O =LatCont-n
~
% O-._ L° o N /'/D —O —LatCont-d
S 07 © OIS 2 —8— LatCont -t
® O
-
0,6
0,5
F1 F2 F3 M1 M2 M3
Speakers

Figure 7. The lateral contact measure in /t/,/fd/in each speaker.



16

3.5. Coarticulatory effects

The influence of different symmetrical vowel corigern the placement of anterior nasals and
plosives is shown in figures 8, 9 and 10. The dhtawvs that the vowel context has a
relatively small influence on the placement ofutith more contextual variation in /d/, and
the largest influence observed in /n/. The two-WaOVA with replication shows that
differences between different vowel contexts agaificant in all three sounds: /n/ (F(2, 10) =
4.474,p <.01), /d/ (F(2, 10) = 19.781, p < .00add /t/ (F(2, 10) = 19.238, p <.0001).
Comparing ACoG means averaged across speakergpeiitions for each vowel context, the
data shows that vowel context influences placeroétite nasal in a different way compared
to the plosives. In /n/ the most posterior placemeeim /u/ contexts (u = 6.64, SD: 0.85)
followed by /il and /a/ (i= 6.72, SD: 0.36; a 88, SD: 0.4), while in /d/ (i=6.73, SD: 0.52;
a=7.1,SD:0.2;u=7.1, SD: 0.17) and /t/ (.68 SD: 0.27; a = 6.85, SD: 0.21; u = 6.93,
SD: 0.11) vowel /il makes the placement most p@sterowels /a/ and /u/ make it more
anterior. These differences are also due to irgealser variability, especially in the case of
the nasal. For example, it should be noted that iortwo speakers /n/ shows the most
posterior placement in /u/ contexts, while in typeakers /n/ is most fronted in /u/ context
(figure 10). This is confirmed by the two-way ANO\&halysis, which shows that the
interaction between vowel context and speakergytshhstatistically significant in all three
sounds (p < .0001).

—k— ata
—l -t
- @ =utu

ACoG

F1 F2 F3 M1 M2 M3

Speakers

Figure 8. The place of articulation measured byAGeG index in /t/ in symmetrical vowel
contexts in each speaker.
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Figure 9. The place of articulation measured byAGeG index in /d/ in symmetrical vowel
contexts in each speaker.
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Figure 10. The place of articulation measured ByAGoG index in /n/ in symmetrical vowel
contexts in each speaker.

The percentage of incomplete closures (deoccliozs) in the nasal shows that most
incomplete closures occur in asymmetrical vowekertinwhere /i/ is the initial vowel (table
3). In symmetrical vowel contexts, most incompletesure productions of /n/ occur in the /a/
vowel context, followed by /if and then /u/ (but@dhat there are more incomplete closures
in symmetrical /ini/ compared to asymmetrical /jnurh addition, /ani/ and /uni/ have more
incomplete closures than /inu/. Similar resultghimse in /n/ are seen in /d/ (table 4). Stop /t/
is produced with incomplete closures in one worly ¢83% of incomplete closures in the
nonsense sequence /itu/ in speaker M2) (table 5).
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alNa ahl-i aMu iMa ihl-i iNu uMa uli ulNu
F1 0% 0% 0% 0% 0% 0% 0% 0% 0%
F2 83% 50% 67% 83% 17% 50% 17% 100% 50%
F3 0% 33% 0% 0% 17% 0% 0% 0% 0%
M1 0% 17% 33% 33% 50% 17% 17% 17% 0%
Mz 33% 0% 0% 0% 0% 0% 33% 0% 0%
M3 0% 0% 0% 0% 17% 0% 0% 0% 0%

Average  19% 17% 17% 28% 17% 11% 11% 20% 8%

Table 3. The percentage of incomplete EPG closarag in each vowel context and in each

speaker.

aEJa aEIIi aEI'u iE)a iEIIi if}u Llﬁa uf}i uf}u
F1 0% 17% 0% 0% 0% 0% 0% 0% 0%
F2 0% 0% 0% 0% 0% 0% 0% 0% 0%
F3 0% 0% 0% 0% 0% 0% 0% 0% 0%
M1 0% 0% 0% 0% 0% 0% 0% 0% 0%
Mz 50% 0% 0% G6% 33% G6% 17% 0% 0%
M3 0% 0% 0% 0% 0% 0% 0% 0% 0%
Average 8% 3% 0% 11% 6% 11% 3% 0% 0%

Table 4. The percentage of incomplete EPG closar&g in each vowel context and in each

speaker.

ala ali alu iTa iTi iTu ula uTi uTu
F1 0% 0% 0% 0% 0% 0% 0% 0% 0%
F2 0% 0% 0% 0% 0% 0% 0% 0% 0%
F3 0% 0% 0% 0% 0% 0% 0% 0% 0%
M1 0% 0% 0% 0% 0% 0% 0% 0% 0%
M2 0% 0% 0% 0% 0% 33% 0% 0% 0%
M3 0% 0% 0% 0% 0% 0% 0% 0% 0%
Average 0% 0% 0% 0% 0% 6% 0% 0% 0%

Table 5. The percentage of incomplete EPG closar&sin each vowel context and in each

speaker.

4. DISCUSSION AND CONCLUSIONS

Overall, the results of this study do not show ewitk of a clear dental-alveolar separation in
the place of articulation between the nasal anathestops. Instead, the data shows that all
three consonants are generally produced in theodkmeblar region, with the variability of
placement increasing from /t/ and /d/ to /n/. Cratad/ and especially /n/ need to be
interpreted with variations in individual speakgsi®ductions in mind. Also, the study shows
that relating quantitative EPG measurements torgts@ phonetic categories, such as the
place of articulation, is not always straightforarand should be done cautiously. The results
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also show lower amounts of linguopalatal contact lagher articulatory variability / lower
coarticulatory resistance in /n/ when compared withnd /d/. These results will be discussed
in light of what is previously reported on the puotions of /n/ compared with /t/ and /d/ in
Croatian, and also in light of findings from oth&@nguages.

The analysis of the place of articulation by meaithe ACoG measure does not reveal a
clear difference in placement between the nasatl@nglosives. Only one speaker produces
the nasal with a definitely more posterior placen{€). The majority of speakers show very
small differences in placement and produce /dhasrost anterior of the three sounds,
followed by /n/ and /t/ (F1, M1, M2, M3), while gnbne speaker (F3) produces the nasal
with a slightly more fronted placement than /d/ &AdT he speaker with the retracted
placement of the nasal compared with the plosi¥23 &lso had the highest number of
incomplete closures (57%). Incomplete closuresdabelthe reason for lower calculated
average ACoG values in speaker F2, but visual ctgpeof the average electropalatograms
shows that F2 indeed has a higher percentage tdatsnn the second than in the first row of
electrodes. Incomplete closure is often a consempuehan overall lower amount of contact.
When the speaker F2 was excluded from statisticalyaes, the differentiation between /n/
and /t/ and /n/ and /d/ according to the ACoG memsias not statistically significant.

The analysis of the amount of contact in differamiculatory regions (dental alveolar and
indirectly dentoalveolar) shows that all three @ovants are generally produced at the
dentoalveolar articulatory region and confirms tit&tre is no clear evidence of the nasal
being exclusively alveolar, because the amounbaftact is high both in the dental and in the
alveolar articulatory region. The data for /t/ slsavat its placement is most consistently
dentoalveolar in all six speakers, who produceitti a similar dental and alveolar coverage.
The data for /d/ is less consistent, but followsnailar trend. It shows that the majority of
speakers produce /d/ with a similar coverage ofalemd alveolar area (F1, F2, F3, M3). The
other two speakers (M1 and M2) show a relativelglisn alveolar coverage, while the dental
coverage is still high, which indicates a slightipre anterior (dental) articulation than in the
other four speakers. The amount of contact datinfalso shows similar dental and alveolar
coverage in most speakers (F1, F3, M1, M2, M3),hdividual speaker’s contact patterns do
not follow a uniform trend observed in the two stolm the stops most speakers have similar
dental and alveolar coverage, and dental contadivisys higher than the alveolar. In the
nasal, dental and alveolar coverage are also simil@most speakers, but not all speakers have
higher dental than alveolar coverage. Two speatey® higher percentage of contacts in the
alveolar region (F1 and F2), while the other fopgakers show higher contact percentage in



20

the dental region (F3, M1, M2, M3). Speaker F2 shoslatively low dental and alveolar
contact, which explains the previously discussed A& oG value. All those observations are
confirmed by average electropalatograms presentegkich speaker (figure 3). The statistical
analysis of the amount of contact data can bepreéed as evidence of a possible separation
in placement between the nasal and the stops.t@tistisal variability measure shows that
the nasal articulations are more stable in theoddwehan in the dental area, while the stops
are more stable in the dental area. Furthermoegyvtb-way ANOVA with replication
calculated across speakers indicates that the pfaangiculation in /t/ and /d/ could be
considered potentially dental, rather than dentxdbar, because there is significantly more
dental contact when compared with alveolar confHo. same statistical measurement shows
that the place of articulation of the nasal cowddclassified as dentoalveolar, rather than
dental, because there is no significant differdret@veen dental and alveolar contact.
However, the two-way ANOVA shows that the interaotbetween the amount of contact in
the two articulatory regions (dental and alveotan)l individual speakers is statistically
significant, meaning that differences observed @uahtified for the whole set are not
consistent in every speaker. This prevents us oncluding that /t/ and /d/ are more anterior
than /n/ and that they are dental. Also, the cancluthat /t/ and /d/ are dental and that they
differ in placement from /n/ is not supported bgwously discussed results of the ACoG
measure, the visual inspection of the amount ofamirdata and .average electropalatograms.
Taking into account all the results from this sttigly most reasonable conclusion is that all
three consonants are generally produced at theaeablar articulatory region and that there
is no clear evidence of the nasal being consistembre posterior to the oral stops. This
conclusion must be viewed in light of the increasadability in /n/ and to some extent in /d/.
Interspeaker differences in /n/ clearly show thatdaflan anterior nasal can be produced with
a wide range of tongue-to-palate patterns, whitergr placement of /d/ in two speakers
opens a possibility that /d/ might have a more aded placement that /t/ in some speakers of
Croatian. Additional investigations are neededriteo to further investigate this issue.

This study also shows that relating quantitativgspdlogical data to descriptive phonetic
categories such as the place of articulation isatwys straightforward. This is especially
true for anterior articulations, in which small digas in the articulatory gesture can have
significant acoustic effects. Even with the EP, t&chnique which is designed to quantify
the exact location and the timing of contacts thattongue makes with the palate
(Hardcastle, 1972), it is sometimes challengintydaslate those measurements into specific
places of articulation. This is especially so taaiions when different places of articulation
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occupy very small areas on the palate, which atleeasame time close to each other, and in
cases when variability in individual productiongedatively high. Both of those factors affect
the conclusions of this study.

Of the ten previously reviewed literature soursesgdescribe /t/, /d/ and /n/ as having a
similar place of articulation: dental (three sogjoer dentoalveolar (three sources) (Mdeti
1933, Brozoui 1991, Jelaska 2004, Baet al. 2005, Tezak & BabR005, Silé &

Pranjkovt 2007), three state that /n/ differs in the platarticulation form /t/ and /d/

(Bakran 1996, Landau et al. 1999, Sk&007), while Skati (1991) essentially agrees with
the view that all three consonants have similacglaf articulation (dental or dentoalveolar),
but notes that the nasal could also be classiBes\aeolar. The results from this study
generally agree with the three sources showingalh#tree consonants have a similar place
of articulation in the dentoalveolar region. Theuls presented here show no clear evidence
of an exclusively alveolar or dental placementdaoy of the three sounds. It is important to
note here that only one (Milétil933) of the ten cited references provides acttaulatory
data to support the claims about the place ofiddion of /t/, /d/ and /n/ in Croatian, and his
results agree with the findings from the preseumdst Differences between traditional
descriptions and physiological data for the nasalkre also found in Hindi (Dixit 2003).
Dixit found that /n/ in contemporary Hindi movedgperiorly from its traditionally described
dental place of articulation and became alveolar.

One of the reasons for the disagreement betwe&osuabout the place of articulation of
Croatian /n/ could be due to its inherently highiafaility. The results of this study show that
the place of articulation of /n/ is almost threads more variable (the average ACoG
variability of 4.59) than the place of articulatioh/t/ (the average ACoG variability of 1.56)
and /d/ (the average ACoG variability of 1.76). 9his nicely within the framework of the
degree of articulatory constraint (DAC) model, whatates that variability caused by
coarticulation is inversely proportional to artiatdry constraint exerted upon a particular
articulator (Recasens 1985, Recasens, Pallarem&l&ala 1997, Recasens 1999). The lower
articulatory constraint in the context of the presstudy is shown by the lower amount of
contact in the two anterior articulatory regionsl éswer lateral contact in /n/ when compared
with /t/ and /d/. Expectedly, voiced /d/ has a lo@mount of contact than /t/, which is
frequently explained in the literature by the cawhlargement strategy used by speakers
during the production of voiced stops (Westbury3 38arnetani 1990, Dart 1998, Moen et al.
2001, Fuchs & Perrier 2003, Fuchs 2005). Voicedgstmploy a cavity enlargement strategy
in order to maintain voicing. Voicing can be susédl if there is a transglottal difference in
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pressure, with the supraglottal pressure lower tharsubglottal. In stops, an occlusion has
the effect of stopping the air and supraglottabpuee increases very quickly. In order to
prolong the period of a transglottal pressure thifiee (and voicing), voiced stops employ a
cavity enlargement strategy, whereby the supraglptessure is kept under control for as
long as possible. The inversely proportional relaghip between the amount of contact and
contact variability has been confirmed by sevenadlies (e.g. Farnetani 1990), but some
studies have found that the opposite relationsaipaccur (see Liker & Gibbon 2011, Liker

et al. 2012). Bladon and Nolan (1977, cited by Cbaloff & Marchal 1999: 70) rank nasals
among the group of sounds with the lowest degreeaifticulatory resistance, thus the
highest degree of articulatory variability.

However, increased variability in /n/ compared withand /d/ does not seem to be a universal
phenomenon, with at least some EPG studies repdemglish data do not show increased
variability in /n/ (Gibbon et al. 2007). It is wbrhoting that variability in the present study
was calculated across vowel contexts and speakersyrepresenting both inter- and intra-
speaker variability, which is different from varibtly caused by coarticulation only.

Increased variability in Croatian /n/ could alsoebglained by perceptual factors. The
acoustic spectrum of nasals is characterised bpid rate of sound energy absorption
(especially above 1kHz), which results in a higtdymped sound (Bakran 1996, Kent & Read
2002). Therefore, slight changes in place of alditon might not be so critical for their
perceptual identification. On the other hand, tbeustic characteristics of stops /t/ and /d/ are
much more influenced by changes in place of adttarh, which result in low placement
variability. The issue of linguopalatal variability nasals is clearly interesting and needs
further investigation.

The lateral contact measure showed that nasalds/produced with the least lateral contact
and that difference is statistically significantween /n/ and /t/ and well as between /n/ and
/d/. Lower lateral contact has not been previovsported for the Croatian nasal, although
Mileti¢ (1933) observed that overall there was less cofaaén/. Lateral contact is important
for the production of all speech sounds, althoaig/lmportance is often underestimated
(Fletcher 1992, Gibbon et al. 2007, Gick, Wilsomé&rrick 2013). It is important because it
enables the speaker to stabilise the tongue doasdnto produce precise articulatory
movements with the tongue tip/blade. The Croatasahproved to be relatively unstable at
the place of articulation, which could be causedliyw degree of lateral seal. Lateral
linguopalatal contact is also important for speaetodynamics, because it creates a complete
oral seal in stops. Being a nasal, /n/ is prodwagd a continuous air stream passing through
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the nasal cavity, which prevents the increase @gihpressure. Since the increase of the air
pressure is not required for the production of hasands, a strong oral seal becomes less
important than for the production of anterior liadgtops. This is also reflected in a relatively
high percentage of incomplete closures in /n/ fomrtthis study. Previous studies show that
incomplete closures of anterior lingual nasalscariée common (Gibbon et al. 2007, Shosted
et al. 2012). Previous research also shows thatem@zg of /d/ is not atypical and that
incomplete closures can be an important indicadiocavity enlargement strategies (Fuchs &
Perrier 2003). It should be noted that an oveealliced tongue body and tongue tip/blade
gesture for /n/ may relate to the possible enharcewf cues for the perception of nasal
sounds through the spreading of nasality to neighbg vowels. However, the correlation
between the tongue-gesture reduction and the spifaabality on neighbouring vowels was
not investigated in this paper, so this remainy argpeculation. Lower lateral contact in
anterior nasal sounds was reported in other laregiéigecasens, Farnetani, Fontdevila &
Pallares 1993, McLeod 2006, Gibbon et al. 2007¢ Tiniversality of this characteristic of
nasal sounds remains to be investigated. Langué&geBulgarian might provide interesting
insights into this issue, because the Bulgarianapiasal is produced with less contact and
the alveolar nasal with more contact (Ladefoged &llieson 1997: 23, 24). Therefore,
analysing data from languages with true alveolaalsa(presumably laminal as opposed to
apical), could shed light onto this issue.

Coarticulatory processes in the nasal and theyaegiive another perspective to the issue of
placement differences and variability of /n/ conguawith /t/ and /d/. The analysis of
coarticulatory processes shows that vowel contdktences placement of all three
consonants to some degree, but that influencegsdain the nasal. The place of articulation
of the nasal is mostly influenced by the back voluglmaking the place of articulation of /n/
more posterior when compared with /t/ and /d/ io speakers (F2 and M1), while making it
somewhat more anterior in one speaker (F1). Prestudies on this issue show similar
results. For example, retracted placement of /titiencontext of /u/ and /a/ was reported in
Catalan (Recasens et al. 1993) and in the contéat m Greek Lombard speech (Nicolaidis
2012). Details of coarticulatory processes founthepresent investigation show some
unexpected results. Overall, the most fronted @et@ns of /t/ and /d/ measured across
speakers are those in the symmetrical /u/ ancbfakgts, while /i/ is relatively more
retracted. In the case of the nasal, /il and /wel@ontexts result in the most retracted
productions of the nasal, while the productionhia tontext of vowel /a/ is relatively more
anterior. Although all these differences are staadly significant, the two-way ANOVA
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shows that the source of variation is the inteoachetween the speakers and the vowel
context. This means that these strategies areyhggidlaker dependant and consequently more
speakers should be analysed in order to draw tkefivinclusions about the influence of
vowel context on the place of articulation of thédsee consonants.

The process of deocclusivization in the nasal ipr&ing. In symmetrical vowel context,
most incomplete closures occur in the context pffdédlowed by /i/, whilst the least amount
of incomplete closures can be observed in the goofdu/. This is unexpected since
previous research has shown that /n/ is deocchkesivin the context of back vowels more
often than in the context of front vowels (Colant&rKochetov 2012). This result can partly
be explained by the fact that vowel /a/ is the Istfenost open) vowel in Croatian. Since the
tongue is low during the vowel, it does not fukach its target during the nasal, which is,
according to Colantoni and Kochetov (2012), easilgalised (produced with extremely
reduced EPG contact) in intervocalic position. Tiest frequent occurrence of incomplete
closures is in asymmetrical contexts in which thevel /i/ is in initial position. It appears that

asymmetrical vowel contexts facilitate deoccluatisn of nasals as well as plosives.

5. RELEVANCE AND FUTURE WORK

The results of this study are relevant for phondgory. On the one hand, these results
provide evidence relevant for Croatian, showing thare is no evidence of /n/ being
consistently more posterior in placement thanntf /a/. The data shows that all three sounds
are articulated mostly in the dentoalveolar regirt,they also show that differences in the
productions of each individual speaker must alstaken into account, before any
generalisations are made. On the other hand,tthldy adds to the body of data already
published on nasals from other languages showaigstime characteristics might be
considered universal in the world’s languages (ewer lateral contact), but some
characteristics differ across languages (e.g. as=é variability). This raises the issue to be
explored in the future: which linguopalatal chaeaistics of lingual nasal sounds are
biomechanically determined (language-universal)\vahath are linguistically determined
(language-specific).

The results of this study are also relevant faricéil practice, because they provide ranges of
acceptable nasal productions and their comparistinproduction characteristics of lingual
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anterior stops. Therefore, these results can ek tosgistinguish between typical and atypical
nasal productions.

Limitations of this study should be kept in mindemhattempting to generalise these results.
This investigation analysed a corpus of nonword \&&quences produced in isolation. Some
studies have shown that different results can baimdd from speech produced in different
communicative situations or speaking styles (Calan& Kochetov 2012). Instrumental
articulatory studies are often limited by the numbiespeakers (Fuchs 2005) and this study is
no exception. Nevertheless, instrumental studiefpred on five to ten speakers are quite
frequent and some are produced with less (Dixit &ffdan 2004).
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