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This acoustic study investigates voiceless stops in Guarani thdgsaréded asransparent to
nasal harmony. Voiceless stops in oral versus nasal coraextsxamined irrelation to
theoretical issues of localitgnd phonetic implementation. First, tleeal/nasalandvoicing
properties of the stopare considered ilwonnection to proposals in phonological theory that
feature spreading producssictly continuous spans of spreadingproperty. The stops are
discovered to display the acoustic attributes of voiceless oral obstruerggidance ofnasal
airflow energywas observed duringlosure nor was the closure fulpiced. These results
suggest that strict continuity of spreading featural property isot alwaysfound in the
phonetic output. Second, theiming of the voicelessness isddressed. Interestingly, the
duration of voicelessness of the stops [p, t] remains the same across oral/nasal environments,
although the voiceless interval shifts gerseverdonger into the following vowel imasal
contexts. Thevelar stop doesnot exhibit anincreased perseverance vicelessnessifter
closure release—it displays thengest VOT of allplaces of articulationand its VOT
remainsunaffected byoral/nasal context. It isuggestedthat incorporating a notion of
conflicting realizationafrequirements in models @honetic implementation is important in

interpreting these results.

1. Introduction
1.1 Feature spreading in phonological theory
A current controversy ithe study of phonological feature spreading concerns the

theoretical treatment of transparent segments. Transparent segre¢htsethat appear to



be unaffected by thepreading of some feature gesture,but they do not prevent the
element from spreading to further segments. An example of segment transparency occurs in
the consonant harmony of Chumash, a Hokan language once spoken in Southern California.
In Chumash consonant harmorggronal fricatives agree in tongue blade/tip orientation
features through a regressive spreading of thmeerties. This harmony produces
alternations in the quality of coronal fricativesder suffixation, as shown in ({dlata are

from Shaw 1991). All other segments al@racterized as transparenthiis process since

they are apparently unaffected by the spreading.

(2) Chumash coronal consonant harmony

a. k-sunon-us/ [ksunonus] ‘| obey him’
/k-sunon-{/ [kfunon(] ‘l am obedient’

b. ha-s-xintila/ [hasxintila] ‘his indian name’
/ha-s-xintila-waf/ [hafhintilawaf] ‘his former indian name’

The issue raised by these data is whether transparent segments must be regarded as skipped
by the featurespreading or whethdhe relevantproperty can beunderstood asmctually
carrying through the segment. If feature spreagkigs a segment, this presentsase of
‘action-at-a-distance,” where a featuspreadsbetween non-adjacent segments without
becoming a property of intervenisggments. Ilthe case of coron@lonsonant harmonies
like the above, recent work by Gafos (1996, 1997)CNibsain and Padge(t993,1997),
and Flemming (1995) has argued against a skipping approach. Typosigdiak by these
researchers reveal that the coronal consonantal features which appear to spdestdratea
are preciselythose that do not affect the perceived acoustic quality of the intervening
segments; hence there is no need to plgitthetransparent segmentseatediscontinuities
within the spreading domain ahe tip/bladegesture. These studiesnake a compelling

argumentfor eliminating thenotion of action-at-a-distance in featwspreading, ateast in



coronal harmonies,since the relevant gesture can be conceived of as [seis@ined
throughout the spreading span (thouglthe majority of these languages tetualposture
of the tip/blade during transparent segments remains to be instrumentally verified).

Research on certain otheases of segmental transparesapportsextending this
viewpoint beyond coronal consondmirmonies. In a study of transparent consonants in
vowel harmony, Ni Chiosdiand Padget(1997) argue that theconsonants in question
actuallyundergovocalic featurespreading buimay be perceived as transparent because the
consequences dhe spreading propertare small in terms of contrast potentiat these
segments.Building on Cohn(1990, 1993ajnd Ohalaand Ohala (1993), amongothers,

Walker and Pullun{1999) presenévidence that a velurowering gesture carries through
transparent glottal stops in nasal harmony. See also studies by McCarthy (1994) and Padgett
(1995). The broader issue confronting the theory is whether all segment transparebey
subsumed under thimode of explanatiorthatis, that perceivedransparent segments are
compatible with concurrent production of the spreading property.

For two familiar kinds of transpareségments, itemains to be established whether
this is aviable approach; these are (i) transpar@mwels in vowel harmony (but see Ni
Chiosain and Padgett997), and (ii) buccalobstruents described as transparennhasal
harmony—buccal obstruents being th@stculatedforward of the pointwhere the velic
valve joins the oral and nasal cavities. The present study focudbs @tter case: Irings
an investigation of transparent buccal stops in nasal harmony to bearhyptiteesighat a
spreading featural property permeates through transparent segments. This research examines
the acoustic properties of intervocalic voiceledsps inoral versus nasal contexts in
Guarani. Guarani is an Amazonian language well-known foragal harmony in which all
voiced segments become nasalized. Phonological descriptions report that voiceless segments
exhibit transparent behavior in the nasafmony,thatis, voiceless obstruent&main oral

but do not block nasality spreadif@regores and Suarez 1967; Rid&¥4). Anacoustic



comparison of oral and nasal word pairs in Guarani provides information about what effect,
if any, nasal harmony has on ‘transparent’ voicestgps. Transparency in nasal harmony
forms animportant test castor the notionthat transparency can be reduced téaek of
perceptual consequencks the transparensegmentbecause nasalization audibly affects
both vowels anduccalconsonants. Ithe result of nasalityspreading is a single and
continuous gesture afelumlowering, then it is expected to impaall segments within the
nasality span.

From a typological perspective, nasal harmony patterns in which voiségssare
reported to exhibit transparent behavior are well-attested. overview of segment
patterning in nasal harmony is given Table 1, based on a cross-linguistic survey by
Walker (1998). The survey reveals that sonorant segments, i.e. vocoiliguithel pattern
in one of twoways, they are either targets (become nasalized) or they tdpokading.
Obstruents ar@lso opaque in some languages, but wtiey do not not block nasality
spreading,they display a somewhat different range ofitcomes. A portion of
them—typically voiced segments—beconmasalized, whilethe remainder—typically
voiceless—are described as transparent. Guarani preseexsraple ofthis latter kind.
For aformal analysis ofthe typological generalizations and segment patterning in nasal
harmony,see Walke(1998). Thefocushere is on the realization of transpareagments
and their bearing on certaiheoreticalapproaches to transparencylthough instrumental
research has been performed on languages in which voisegsblock nasality spreading
(Cohn 1990,1993a; Gerfer1996), weare not aware of any instrumensalidy of Guarani
that has investigated the nature of voicelspsthat arereported to be transparent in nasal
harmony, or foithat matter, in any of the languages reported to disgii&/ phenomenoh.
Under conditions of nasalization, it @nceivable thasegments normally produced as
voicelessstops might be realized awoiceless nasals or even as voiced nasaps.

Moreover, ifthe continuousvelum lowering gesture produced by nasatipreading were



viewed as requiring only that the velum accomplish some minimal degmgeening,then it
is conceivable that during the stop there would be no significant perceptual acoustic coupling
of the oral and nasal cavities nor sufficient nasal airflow to produce audible turbulence in the
nasal cavitiegon the acoustic requirements of nasality see Bell-B€&€3). However, the
leakage of airthrough the velarport could be sufficient to induce voicing by enabling
transglottal airflow that produces the necessary drop in transglottal pressure (see Hayes 1995
and citations therein).

The present acousticatudy asks two questiorabout the realization oGGuarani

‘transparent’ stops in nasal harmony:

(2) I. Within nasal spreading spansre voicelessstops in fact realized as
transparenti.e. oral) obstruenstops orare they nasastops of someind
(i.e. produced with the usual acoustic patterns of audible nasals)?
il If voicelessstops are indeedtransparent, what effect, d@ny, doesnasal

harmony have on the voicing timing properties of these stops?

This study is based on work with one language consultant. Althowgiuitl bepreferable
to have moresubjectsgiven theunderstudied nature of Guarani ahd limited availability
of consultants, this work makes a unique contributiothéophonetic documentation of this
language. It also forms groundwork for future research on Guarani nasalization.

The broaderaim of this research is tautilize instrumentalstudy to test three
hypotheses regarding locality and the outcome of feature sprdhéditrigave emergedue to
recent work in theoretical phonology. Ni Chioséin and Padef3, 1997) proposstrict
Segmental Locality. This positeatall spreading must occur between segmadjacent at
the level of theroot node—spreadingay notskip a segment. Gafos (1996) proposes a
connected notion referred to as Articulatory Localtjich requiresthat featurespreading

not produce a span fdine spreading gesture containing discontinuifjes. interruptions).



The aim of these restrictive views of locality is to account fotlithieed transparency effects
observed irfeaturespreading. Asnentionedabove,many cases oputative transparency
can be reduced to a lack of perceptible effect ontrdmesparent segmentkurther, these
researchers nothat transparency is typically ndound in instances wherhe spreading
property is expected to have a significant perceptunphct on theintervening segment
(though vowel and nasal harmony present possible counter-exampMs)e the Strict
Segmental Locality and Articulatobocality proposalshave some subtldistinctions,these
points of difference will notffect the point to be examined here: whether there are any
indications fromthe acoustic recordhat the property of velic opening carries through
transparent segments in the phonetic output of nasality spreading.

The possiblephonetic outcome$or transparent segmentsin besubsumed under
three generahypothesesschematized irFigures 1-3. These illustrationdocus on the
sequence of velunpostures involved in aiven utterance, schematizing tip@ssible
outcomes of a perseverative spreading of nasality fronmiaal nasalstop. The first
hypothesis (H1) ighat featurespreading sustainfull velum lowering throughout the
spreadingspan,producingperceptible nasalization in bucetbps. This is schematized in
Figure 1 for arutterance fné€na], where a single wideelum loweringposture continues

throughthe entire sequence ségments. Thisutcome is referred to dsll nasalization

and it is consistent with the proposals of Strict Segmental Locality and Articulatory Locality.
As notedabove, a seconglausible outcomeexists. If the continuousvelum

lowering that results from nasal harmony is viewed as accomplished proted is a

sustained posture of at leasinimal velicopening,then the utterance could peoduced as

in Figure 2, where a minimal degree of velic opening during the coronal stop induces voicing

but no audible nasalization, i.eadta/ - [m&da]. This hypothetical outcom@2) will be

referred to as th@asalleak configuration Thoughnasalizationwould not provide an

acoustic cue to this articulatory state, nasal leak is predicted to be apparetitefnprasence



of voicing duringthe stop. The nasal leak alternative is again compatith both Strict
Segmental Localityand Articulatory Locality: the spreading property is understood as
requiring that a continuous minimal threshold of velic opening be met.

A third alternative(H3) is the onesuggested byhe phonologicaldescriptions of
Guarani, namelythat voicelessstops innasal harmony arproduced as true voicelessal
obstruents. If this i;ndeed thecase,then the notiorthat aposture ofvelum lowering is
maintained during the entire nasality spreading span would be incorrect. In order to produce
a voiceless oral obstruent stop, the velum must be raissghamatized ifrigure 3. Here
two separate lowered velum intervals are interrupted by a raised ypeatare forthe [t].

This hypothetical outcome will be referred totemnsparensegmendisconinuity. In this

configuration the nasality i Ja&annot be a direct result of nasalggreading undeStrict
Segmental Locality, since nasalizatit)as not permeatedthrough the intervening|t].
Articulatory Locality also rules outnasalization spreading leapfroggiiy, because it
produces two non-contiguous lowered velum gestures. If the acoustic data for Guarani nasal
harmony support an outcome like that schematized in Figure 3, then it would seem to present
a case in whichihe articulatoryproperty that characterizes gpreading featureloes not
continue through a transparesegment. Underthese circumstances, evaluating the
proposals of Strict Segmental Locality and Articulatbogality will require someadditional
attention. Whether these could be sustained as univerdalsabify in phonological feature
spreading will hinge otthe details of theoretirameworkthat areassumed, for instance,

whether abstract intermediate structures are adopted. This issue is addressed in section 4.

1.2 Nasal harmony in Guarani
Guarani belongs to the Tupi familythe Guarani language is centeredParaguay,
where it is one of the country’s two official languages (along with Spanish) and is spoken by

over four million people. Guarani is also spoken in bordering region&rgéntina and



Brazil. A large number of Paraguayan Guarani speakers (over 50%) also speak Spanish; use
of Guarani predominates in rural areas andeirtain sociolinguisticcontexts. In order to
establish the appropriate set-up for the phonetic investigétiercore properties of Guarani
nasal harmony are briefly outlined.

The surface consonant inventory for Guarani is givehalnle 2 (afteiGregores and
Suarez 1967).The notation [a/b] indicatesvo allophones othe samghoneme. Observe
that all of thevoiced segments have oral and nasal allophdhespral allophones occur in
the onset to an oral vowel and the nasal allophones occur beforeyaastd. Consonants
occur only in onsets; the canonical syllable structure of Guarani is(fYyds 1975:135).

Voiced stops are produced as prenasal in oral syllables and astopsahnasalsyllables.

The prepalatal voiced obstruent has variable oral realizations, ranging a#jiorid3], [3],

[;]1. In nasalsyllables, thissegment is a full nasatop. The segments transcribed as],|

[uw], and "] aregrouped by Rivas (1975) witlhe sonorantsand they are described by
Gregores and Suarez as frictionless spirants (1967: 81-2). In nasal syllables, these segments
are produced as nasal approximari®iceless segmentre described as having voiceless

oral allophones irll environments. The velar fricative is in free variatiowith glottal [h]
(Gregores and Suéarez 19@%). The Guaranvowelsareshown in Figure 4. There are

three basiovowel heights andhree degrees of tongue advancement. Vowel nasalization is
phonemic in stressed syllables only; elsewhere the distinction is allophonic.

Nasal harmony in Guarani produces cross-segmental spans of nasalization. Nasal
spreading in the word is initiated by a nasal vowel in a stresdiadble and is bidirectional.
Nasalizationspreads toall voiced segments and is reported to rdtect voiceless
consonants. Spreading locked by astressedsyllable containing an oralowel. In
blocking syllables, bothlihe vowel and its onset consonargmain oral. In general, all
voiced segments in a syllable in Guarani agree in orality and nasality; in the case of prenasal

segments, it is byirtue of their oral release that they qualify @®l. Nasal spreading



triggered by a stressed nasal vowel is illustrated in (3) (nasal harmonyaspanderlined).
Blocking by a stressedral syllable is exemplified i§3c-d). (Examples (3a-bare from

Rivas 1975 and (3c-d) from Gregores and Suarez 1967.)

3) a. /do-roi-"du'pa-i/ - [ndroini'pai]

not + I-you + beat + NEG ‘I don't beat you’
b. /ro-mbo-po'ra/ - [TOMOPO'Ta]

I-you + CAUS + nice ‘I embellished you’
C. /idja kara'ku/ R [ina kata'ku]

‘is hot-headed’
d. /akara'y“el - [a kadra'yVe]
‘hair (of the head)’

Words like (3c-d) contain both a nasal harmony span and an oral span. In order to focus on
the realization ofvoicelessstops innasal spreadinglomains,the study belowwill not

include words containing both nasal and ottessed vowels. It iapparent in the above

data that nasality spreads across morphemes in a word. In withdsrefixes,nasalization

in theroot spreads tthe prefix(see (3a-b)). The situation isomewhat moreomplicated

with suffixes: some are susceptible to nasality spreading and others have a fixed oral or nasal
quality (Rivas 1975; see Walker 1998 for a formal account of this kind of suffix behavior in
nasal harmony). In order to avoid this complication, the present ekadgines onlywords

without suffixes. It should be noted that word-medial prenasal stops trigger regressive nasal

spreading, but words with this phonological structure were not included in the study.

2. Method
2.1 Stimuli and data collection
In order to compar¢he acoustic properties of intervocalic voicelessps inoral

versus nasal contexts, this study considers unsuffixbiyllabic words of the form

(C)v'cv, which follows the most common pattern of Guarastiess in roots. Irsome



words the initial consonant is a pronominal prefix included in the domain of esabny.
The medialconsonant irall words was avoiceless stop fronthe set[p, t, k]. Each
bisyllabic word defines anasal harmonylomain, wherdehe nasality of thestressed vowel
determines the oral/nasal quality of thwerd. In nasalwords, both vowelsare nasal by
regressive spreading from the final stressed nasal vowel, and imardHd, both vowels are
oral. Sixoral/nasal minimal or near-minimalirs were comparefbr each of the three
places of articulation for voiceless stops, and in the case of [t], theresexsgr wordpairs,
giving a total of 38 words. Word pairs matched minimally in the place ah#tkal stop, in
the height of thevowels following the voicelessstop, and in the height of th@owels
preceding the voiceless stop. Some examglegiven in(4). A complete list of thevord

pairs used in the study is provided in the appendix.

(4) Examples of Guarani bisyllabic word pairs

Nasal: (C)VCV Oral: (C)V'CV
a. [pd'pi] ‘to peel, strip’ [djo'pi]‘to itch, sting’
b. [ta'ti] ‘horn’ [ta'ti] ‘daughter-in-law’
C. [6'ke] ‘door’ [o'ke] ‘to sleep’

The subject was a Paraguayan male, 32 years of age, who has spoken swarani
before the age of 10 with native proficiency. The context of Guarani use for the subject is as
a spoken languagearely as a writtemne. The languagevas spoken byhe subject most
frequently in thecountryside or marketplace, corresponding to a common sociolinguistic
situation of language use Paraguay. Otherlanguages spoken hiie subject ar&panish,
Portuguese, and English. At the time the recordings were itedsubject hadpentthree
school years outside of Paraguay (in England thedUnitedStates),but he returned to
Paraguay for four months of each of those years, during which he would speak Guarani and
Spanish. The writtenword list was carefully reviewed withthe subject in advance of the

recording to ensurémiliarity with all of the words. With this advanceexposure, the

10



written format of the list did not pose a problem, since many of the orthographic conventions
of Guarani follow Spanish ones.

The recordings werenade in asound-insulated room. Words weaead in an oral
word frame: ere ‘X’ djew] ‘say ‘X’ again’. In this sentencehe mainstressfell on the
final vowel of the CVCV word. Words in the carrier sentences were read at a normal speech
rate. The 38 words of interest along with 42 filler words were grouped in a list composed of
eight randonsets of 10 plus aextraword atthe beginning and end efchset randomly
selected from among the base ofv@rds;these first and last tokens wetescarded. The
filler words wereall of theform (C)V'CV. Within eachset no stimuli were repeated, and
minimal pairs appeared only in separgups. Eachgroup of words wadgitled with a
capital letter (A-H) and numbered on the left. They were presentedatal af threepages
with blank space visually separating groups. Two word lists were prepared according to this
format composed ahe samewvords but presented in a differentder. Thetwo lists were
read in alternation, one list read a total of four times and the other three times, with the aim of
recording at least six valid repetitions of eaabrd. Threebreaks in recording were taken,

one after the first list was read, and then one after each reading of both lists.

2.2 Data analysis

The recordings were digitized at a sampling rate of 20000 Durations of various
of the segmental componemsre measured using Kdlemetrics Computerized Speech
Lab Model4300, making reference to botvaveforms and spectrogramgor eachtoken,
four time points were identified (see Figure Thefirst point (a) in Figure 5 is defined by
the initiation of closure for the medial voiceless stop. This is signalled by the beginning of a
gap in the spectrogram at the endvofvel formant structurdor the first vowel and the
suddendecline inwaveform amplitude. The second poin{b) marksthe end of voicing
during the initial portion of thetop closuresignalled by the end of periodic oscillations in

the waveform. The third point (c)marksthe release o$top closuregcoinciding with the

11



occurrence of &urst spike orthe spectrogram and the initiation of aperiodaise on the
waveform. Finally, (d) marks the onset of voicingthe following vowel, indicated on the
waveform by the resumption of periodic oscillations after the aperiodicdnestjy. On the
spectrogram this corresponds to the beginning of a voicing bar and/or vertical striations.
Because of the root-finatress irnthe bisyllabicwords, the amplitude of theecond
vowel was muchgreater than thérst. In many tokens thisnade it difficult to identify the
initiation of closure in an unmodified spectrogram, because formant structutbe first
root vowel was very faint. In order @mhance visibility of théormants inthe unstressed
vowel, two steps were takerkirst, the amplitude of the speech sigmaisincreased by a
factor of two from the original to improve thelarkness ofthe displayedimage. (The
spectrogram displayed in Figure 5 has undergone this dgattg. If the increased
amplitude was still not sufficient to determine the edges of thevbisel, pre-emphasis was
applied to flatten the spectrahape otthe signal and increase thelative amplitude of the
higher frequencies with respect to thosetha lower frequencies. Thimade visible the
areas of the signal where formant energy occurred. Since other properties of the signal, such
as voicing, were distorted ithe resultingspectrogramthe otherpoints wereidentified
before pre-emphasis was performed. (Pre-emphasis was not perforinedpactrograms
shown in this article).
From the four marked points for each token, various durations were calculated. The

following report focuses on five of these durations:

(5) I. Closure voice durationThe durationfrom initiation of stop closure (a) (see
Figure 5) to the end of voicing during the initial portion of stop closure (b).
i Closure duration. The durationfrom initiation of stop closure (a) to the
release of closure (c).
iil. Closure voiceless duratioriThe durationfrom the point of end of voicing

during the initial portion of the stop closure (b) to the release of closure (c).

12



iv. Voice onset time (VOT). The duration from the releasstop closure (c) to
the onset of voicing (d).

V. Total voiceless duration.The durationfrom the end of voicingduring the
initial portion of thestop closure (b) tthe onset of voicing irthe following

vowel (d).

All of the above except closure duration areasures in which one or both ends of the
interval is a voicing-relateévent. The additional measure of closure duratalows for
calculation of thefollowing ratios of the duration ofstop closure tothe duration of

voicing/voicelessness intervals:

(6) i Closure duration/VOT.

i Closure duration/Closure voice duration.

The reason that the above ratios were calculated rather than only evaluatingdtiostios,
VOT, and closure voice duration separatelys tocontrol for any word-to-word otoken-
to-token variation in speaking rate.

The durations and ratios outlined above wased aglependent variables intao-
factor General Lineakodel (GLM) Analysis of Variance (ANOVA) modelSuperAnova,
Abacus Conceptd989). The two factors wereplace of articulation of the medialtops
(levels: p, t, k) and nasality (levels: oral, nasal). Probabilities less than or equal to 0.05 were
considered significant. A Scheffe’'s S-test was used post-haestofor significant
differences within the factor gdlace ofarticulation. Three planned comparison of means
(contrasts) were used to test for differences among [p]-nasal versus [f]eor§b] in nasal
versusoral contexts), [t]-nasaVersus [t]-oraland [k]-nasalversus [k]-oral. In general,

data derived from the first six repetitions of a word was @sed.

3. Results
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The results ofthe studyare presented itwo segments. Firsthe general acoustic
character oktops inoral and nasalvords is discussed, focusing ¢ime question whether
voicelessstopsare produced as transparent obstrustafps innasalharmony, i.e.without
the acoustic patterns ofisals. Nexthe effect of nasal contexts on properties of voicing
timing in voicelessstops is addressed. THadter segment reports otime details of closure
and voicing timing in oraVersusnasalwords, followed in each case by an examination of
the effect of place of articulation camy timing differences. These resultslate to the
possibility of a nasaleak configuration and the phonetimplementation of the feature

[-voice].

3.1 Acoustic patterns
3.1.1 Question 1: Are voiceless stops acoustically transparent?

A striking acoustic feature dhe target voicelesstops isthat/p, t, k/ are typically
realized with the acoustic properties characteristic of oral obststegrdg wherthey occur in
nasal harmony spans. In such contexts, nasalityarilankingvowels wasclearly audible.
However, it is not the case that voiceless stopgmgalspans displaycoustically detectable
nasalization. They do not exhibit the characteristics of vaiesals duringhe closure nor
do they display the acoustic properties of voiceless retsgis; rather they present an
absence of energy consistent with simultaneous oral and oadakion. To illustrate, a
representative sample spectrogram and waveform for the nasaldiodl ‘door’ is shown
in Figure 6. Comparing this spectrogranthiie one of thé/CV portion of the oraWword
[po'ko] in Figure 5, it is apparent that the same acoustic pattern is seen in both stops.

The pattern seen here may be contrasted thahexpectedor a nasalstop. Voiced
nasal stops are characterized acoustically by a periodiaveform and a weak formant
structure. The first formanthasthe highest intensity and is centered at al#i@ Hz.
Additional formants occur at approximateB500 Hz and 3000 HZLadefoged1993).

Studies of the acoustic characteristics of voiceless nasalsdestified anoisepatternthat

14



appears to result from a high volume of airflow (Ladefoged and Maddié986).
Turbulence generated at the nostrils produces a low intensity frication during these segments
that lacks much distinctive spectsdiaping(Ohalaand Ohala1993). The closurephase of
the Guarani stops in question does not regesteer of these nasal acoustic patterns—a gap
is seen during the closure interval in gpectrogram, which is consistent witle character
of an oral stop. Further, stops in Guarani nasal contexteeoenpanied by eobustburst,
suggesting that a build-up of pressure in the oral cavity has occurred, and hence a significant
amount of air has natscaped througthe nasapassage durinthe closure. Also apparent
here is the absence of voicing for a substantial period dtivegtop. This acoustigattern
was found in all of the stops in nasal word$ie waveform and spectrographic information
is strongly suggestive that nasal airflow does not occur during shegs toany substantial
degree. It should be noted that this information cannot conclusively confirm the lack of nasal
airflow during thesesegments. Howevesjnce the characteristic acoustic features of nasal
stops are wholly absent in thesesegments,the acoustic evidence neverthelesers
persuasive support for a lack of any audible nasal airflow.

The acoustic informatiosupportsthe transparency effetr voicelessbuccalstops
that has been reported in the Guarani grammdascelessstops innasal harmony contexts
display the acoustic characteristics of an avbbtruent. Hencethe closure of these
segments appears to be oed they do notorrespond to a situation in whi¢he velum
remains fully lowered throughout the duration of ¢hep. This rules out a view ofiasality
spreading corresponding tioat depicted irFigure 1, where fullelic opening is sustained
through the stop. In other words, the phonetic form of voiceless stops indiGtéss not
the case thaspreading of a nasal feature or gestpreduces widevelic opening in an
uninterrupted stream of segments. H1 is untenable under these results. Note, Hbatever,
the findings reported thus fdeaveopenthe question whethethe production of thenedial

stops is best represented by the schematization in Figure 2 or Figurgh.sttfp matched

15



the schematization ifigure 2, depictingH2, then the velumwould remainopen only a
minimal degree during the stop. This could result in an acoustic patternlikeuthat of an

oral stop, but this nasal leak configuration is expected to be detectable from an increase in the
voiced portion of thestop. If, onthe otherhand,the stop were produced as in Figure 3,
corresponding to H3, then the velum would be raised, resulting in a voiceless oral stop. The

matter of voicing timing is examined in the next section.

3.1.2 Question 2: Does nasal harmony context affect voicing timing?

Next the question of voicingtiming is addressed, focusing owhether nasal
harmony contexts produce any difference in this respect in voiclgss. Firstyoiceless
stops in bottoral and nasal environments aeserved to share a voicirigning pattern:
voicing persists part-way into the stop closure, followed by a period of voicelessness, which
begins duringthe closure angbersists for annterval after the releaggsee Figuress-6).
Although these propertiesharacterizeroicelessstops across contexts, sometails of the
timing differ by environment. Two effectse observed in nasaontexts, and a kegspect

of voicing timing remains fixed.

3.2 Quantitative results
3.2.1 Effect 1: Ratio of closure duration to VOT

By way of ageneral overview ofhe voicing timingpatterns, Figure Bchematizes
the time line ofaverage voicing overall measurfes stops inoral and nasatontexts, and
Figures 8-10 present time lines for each place of articulation. The specific resdi¢adesl
below. First, acontext-induced effect identified ihis study isthat the average ratio of
closure duration to VOTi.e. the average of the closuduration/VOT ratios, isoverall
significantly smaller in nasal contexts than in avakes. Table 3presentghe means and
standard deviationfor each ratioand duration split by the factor ofasality. There is a

statistically significant difference in the ratios of closure duration over VOT, ta&ass all
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three places of articulation. The averégeoral contexts of7.34 isgreater than the nasal
average of5.66 (F(1, 217)=31.298p<0.0001). The causefor the smaller closure
duration/VOT ratios in nasalwords can be traced tdoth of the logically possible
contributors: in nasal context¥OT is significantly longer and closure duration is
significantly shorter.The averag®OTs are26.58 ms inoral words and increase t82.42
ms in nasalwords (F(1, 217)=26.008, p<0.0001).Mean closure duration for the
intervocalic voicelesstops inoral environments i465.52 ms,which is longer than the
nasal average of 158.55 ms (F(1, 217)=9.243, p=0.0027).

Thus far the results report findings across the entire sample of data. When the tokens
are examined according to place of articulation of the stops, it emergetattainteracts for
closureduration/VOT in nasaversusoral words (F(2, 217)=7.522, p=0.0007)Table 4
details the means and standard deviations for ratios and durspidnisy nasality angblace
of articulation. For both [p]and [t], a significant contrastvas found forthe closure
duration/VOT ratio in oral contextgersusnasalones. For [plhe contrast igreatest, with
an average value in oralords of 8.88comparing with an average b6f86 in nasalwords
(F(1, 71)=32.719, p<0.0001)The averagefor [t] are roughly similar: oral8.67 versus
nasal6.84 (F(1, 83)=14.053, p=0.0002)he velarstop differs:the oral average closure
duration/VOT is 4.24 and nasal average .10, adifference that isnot statistically
significant. A significant difference withithe factor of place of articulatiomas found for
[p] versus [K] (p<0.0001) and [t] versus [k] (p<0.0001), but not for [p] versus [t].

In addition to not having a significant contrast in the closlumation/VOT value in
oral versusnasalcontexts, [K] isremarkable intwo other respects. Firstthe value of
closureduration/VOT for [K] is much smaller tharfor [p] or [t]. Second,the standard
devationfor [K] is smaller tharfor other places of articulation. Tistandard deviation for

[K] is in the neighborhood of 1, but for [p] and fifje standard deviation is over twice as
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high. This suggests that aspectshaf timingwith velarsare highly fixed in comparison to
the other stops. These points are returned to in the discussion in section 4.

With regard to VOT once again [p] and [t] conform to the gerattern,exhibiting
a significant contrast in oral versus nasal contexts. For [p] the oral average VOT is 20.59 ms
versus nasal 31.47 ms (F(1, 71)=28.871, p<0.0001}herase oft], the oral average is
20.38 ms versumasal26.65 ms (F(1, 83)=11.193, p=0.001Yhe velarstop, however,
does not display aignificantly differentVOT in oral and nasalvords; its VOT measures
consistently about 4ths. Asignificant difference within the factor glace of articulation
was againfound foreach of{p] and [t] versus [K] (p<0.0001)but not for [p] versus[t].
Notice that the mealWOTs for [K] far exceedthose of [p] andt]. The occurrence of a
longerVVOT for velarsthanfor labial and coronabktops accords witlthe findings of other
studies onplace and VOT; Lisker and Abramson (1964) wetthe first to report this
observation (see also Fischer-Jgrgensen 1964; Smith 1978)e Guarandata, thiseffect
is suchthat even in oratontextsthe averag&OT for [K] is about 10 ms longer than the
VOT for [p, t] in nasalcontexts. It should beoted that thestandard deviations here are
consistently greater in nasal words. This difference is taken up in section 4.

Matching the pattern of the overatleasures, aignificantly shorter closure duration
was found for [p] and [K] in nasal contexts in contragh#r counterparts in oralontexts.
For [p] the oral average i468.86 ms versus 158.64 ms masal environment$F(1,
71)=5.826, p=0.0166). [Kresents aimilar asymmetry: oral average3.17 ms versus
nasal153.47 ms (F(1, 71)=5.251, p=0.0229)The closure duratiorfor [t] was not
significantly shorter in nasalords. Connected tdhis, in section3.3 aphenomenon is
discussed whereby some tokens of nasalds with [t] presented two bursvents, which
correlated with an increased closuleration. A post-hoc Scheffe'test revealed no
significant differences within the factor of place of articulation for closure duration.

To summarizethe findings reported so faare that the ratio oflosure duration to
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VOT is greater in oratontexts than in nasahes. A strongontributing factor is a longer
VOT in nasalwords, and a somewhat weaker factor is a shorter closure duration in nasal
words. The velar stop is somewhat exceptional in not having a significantly different closure

duration/VOT average in nasal versus oral words or a significantly different average VOT.

3.2.2. Effect 2: Ratio of closure duration to closure voice duration

The secondnain effectdiscovered for voicelesstops inoral versusnasalwords is
that the average ratio ofosure duration to closure voickiration, i.e.the average of the
closure duration/closure voice duration ratios, is overall significantly smaller inwasas.
The nasal average &61 versusoral average8.26 (F(2, 217)=6.257, p=0.0131)This
means that a greater portion of the closure is voiced in a nasal vocalic context. The factors of
nasality andplace did not present a significant interactidior this variable (F(2,
217)=1.425),and a post-hoc Scheffetest showed nasignificant differences within the
factor of place of articulation.

When examined by place airticulation, it emergethat acontrast in the closure
duration/closure voice duration ratibslds specifically oftokens with[t]. The average
value for oral tokens is 8.85 and for nasal is 5.98 (F(1, 83)=7.697, p=0.08&)stically
significant oral/nasal contrasts were not found within place for [p] or [K]. It shoutwteel
that the standard deviation for [t] is quite high86 fororal tokens, 4.97 fonasaltokens).
For reasons that are not well understood, the wide variance arose primarily from productions
of the wordpair [mbo'tw]/[md'ti], which displayed a standard deviation1®£05 fororal
tokens andl1.98 innasal tokens (three productionsparticular displayed aberrant values
for closure duration/closure voice duration). With this word pair excludedtfieniata, the
standard deviatiofor [t] diminishes t03.63 oral and1.38 nasal. In generabral tokens
exhibited a higher standard deviatifor the closure duration/closure voice durati@tio
than nasal tokens, though the cause for this is unclear.

Although closure duration was found to be shorter in nasal words for [p] and [K] (see
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section 3.2.1), this wasnot sufficient to produce a significant contrast in the closure
duration/closure voice duration ratio for these stops. Recall, however, that [t] did not have a
significantly different average closure duration in orafsusnasal contexts. For [t], a
greater closure voice duration in nasal environments yields an increasepnobetion of

the voiced interval of thelosure. Between oralowelsthe average closure voice duration

for [t] is 24.78 msand in nasalwords this increases t84.07 ms (F(1,83)=10.993,
p=0.011). Asignificant contrastvas not found within [p] and [k] inoral versusnasal
contexts for closure voice duration. This result accords with the lack of difference in closure
duration/closure voice duration for [p, k]. While [t] displayed longer closure voice durations
in nasal contexts, no main effect was foundtfar factor of nasalityvith respect to closure
voice duration (F(1, 217)=2.690).

An effect that is related to the decreaselosure duration/closure voice duration in
nasal contexts is a significantly shorter closure voiceless duration in nasal contexts. Between
oral vowels, the closure voiceless duration is about 140 ms, while in nasal contexts this falls
to about 130 m¢F(1, 217)=17.655, p<0.0001)The factors ofplaceand nasality did not
register a significant interaction for closure voiceless dur&t{@n 217)=0.352and a post-
hoc Scheffe'stest did notshow any significant differences within the factor place of
articulation. A contrast withiplace of articulatiorfor nasalversusoral tokenswas found
for [t] (F(1, 83)=8.020, p=0.00519nd [Kk] (F(1, 71)=7.762, p=0.0058%ut not for [p]

(F(1, 71)=2.871).

3.2.3 A fixed property: Total voiceless duration

The next finding reported on concerns a fixed property of voicetegs inoral and
nasal contexts. Acrosshe sample ofdata, it was foundhat the totalduration of
voicelessness for stops dasst differ significantly in oralversusnasalwords, averaging
around 165 ms in both contexts (F(1, 217)=2.841).

When the means for total voiceless duration are compared by place of articulation, [K]
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is once again singled out in contrast to the osheps. [p]and [t] conform to the general
result, presenting ngignificant contrast in theitotal voiceless duration by oral/nasal
context. Inthe case ofk], however,the average totaloiceless duration af80.56 ms in
oral words is significantly longer than the average 169.04 ms in nasal onesl(f=(&,683,
p=0.0104). In additionthe totalvoiceless duration for [k¢xceeds that dip, t] in oral or
nasal environments. With respect to total voiceless duration, [K] is foundsigrifcantly
different from [p] (p<0.0001) and [t] (p=0.0002). However, [p] and [t] aresigstificantly
different from each other for this variable.

To review, wehave seerhat overall the totaboiceless duration is not significantly
different in oral versus nasal words, but when wetake place of articulation into
consideration, it emerges that [k] has a shddtd voiceless duration in nasalords. This
is reminiscent of the lack of increasé@®T found for [K] in nasal environments, whictets

it apart from the other stops, as noted in section 3.2.1.

3.3 Stops with two burst events

Finally, we note a somewhat different pattehatwas observed ithe release of a
small set of voicelesstops innasal contexts (abodtl%). Inthese divergenproductions,
the voiceless stops appear to have two events rather than one associateelbwitst. The
spectrogram in Figurél, which showsthe VCV portion of ha'ta] ‘hard,’ illustrates one
kind of pattern seen in these exceptional tokens. Here there are two apparently separate burst
transients. In tokenske this, the bursts seem to be far enoughpart to rule out an
occurrence of simply an uneven relettsst does not produce a burst with a single sharply
defined transienfas, forexample, was found in some tokens[kff). In some tokens, a
second kind of two-event productiavas seen in whiclihe second and stronger burst
transient was preceded by an interval of energy focused mostly in the higher frequencies.

In both of the two-burst patternsthe second ofthe burst events displayed the

characteristics of the usual release of the stop thétirst burstapparently resulting from a
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brief breach in the oratlosure. Tokenxhibiting one of these different spectrographic
patterns were restricted primarily to instances of [t] in nasal words. However, the reason for
this is not clear. Further instrumentita is needed tanderstandhe articulatory actions
involved in producinghe first burstevent and their correlation wittlental stops innasal
vocalic contexts. It should beoted thatvhenthe two-burstpatternoccurredthe duration

from the initiation of closure to theecond burseventwas often longer tharor the regular
one-burst-event tokens for [t] (possibly abow for additional accumulation of intra-oral
pressure after the first burst event). Although the two-event pattern occurred in only some of
the nasal words with [t] (31%), thiscreased length raised the average closure duration for
[t] in nasal contexts and contributed to [t] being the one place of articulatiodidhabt have

a shorter closure duration in nasal words. frieanclosure duration fonasal tokens of [t]
excluding the 13 tokens produced with timarsts was 159 ms verstie mean ofl63 ms
across all nasal tokens with [t]. The average closure duration for all oral tokens with [t] was
165 ms. The difference in closure duration for [t] in oral versus nasal contexth&wio-

burst tokensexcludedwas not found to be asignificant contrasthowever, the F-value
increasedor this variable (F(1, 70)=1.586)from the resultacrossall tokens of [t] (F(1,

83)=0.219).

4. Discussion
4.1 Scenario of timing changes in oral versus nasal contexts

We turn now to discussion of the various findings in order to constructegrated
picture of whattiming changegsake place invoicelessstopsbetween nasalowels. To
begin,the graph in Figure 12 synthesizé®e findings concerningotal voiceless duration
and VOT in oralversushasal contextfor each place oérticulation. Across oral and nasal
contexts for [p] andt], total voiceless duration does not displaysignificant difference,
averaging around 160 ms. Howeverghange is exhibited in VOT[p] and [t] display an

averageVOT of about 20 ms in oratontexts, and imasal token&/OT increases to about
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25-30 ms. A rather different pattern is seeithim case of the velatop. The VOT for [K]
does notshow asignificant difference in oral/nasahvironments, averaging consistently
about 40ms. Since theVOT for [K] remains essentiallgonstant,the reduced closure
voiceless duration found in nasal contexts produces a decretasal viiceless duration: it
falls from an average of about 180 ms in oral contexts to below 170 ms in nasal words.

In interpreting these results, | focus first on the general patterns and then return to the
exceptional patternindpr [k]. A centralfinding of this study ighat in general théotal
duration of voicelessness stopsremains fixedacrossoral and nasaknvironments, as
depicted in Figure 7. However, certain other aspects of closure and voicing timing change in
nasalversusoral vocaliccontexts. It is hypothesizdtat inorder tomaintain a fixedtotal
voiceless durationthe interval ofvoicelessness undergoes a shift to pefatst into the
following vowel under circumstances of a shorter closure durdfdh or longer closure
voice duration ([t])—conditions that were each found to occur in nasal words (see Figures 8-
9). Inthe hypothesizedhift, the voiceless interval remains the samealumation, but its
timing in relation to onset/offset of stop closure is affected, such that the voiceless portion of
the closure is decreased and the VOT is increased. This scenario is suppanednibgrse
relations that were found between VOT and closure voiceless duration and bé@eand
closure duration. Assumirthat the dataeported from this single speaker of Guarani are
typical of the language aswéhole, it is possiblghat maintaining the same totabiceless
duration has gerceptual motivation; a fixed voiceless duration mgghve as a significant
property for perception of voicelessness in stops, at least in Guarani.

The shift of the voiceless intervakas not found invelar stops (Figure 10). 1t is
suggestedhat this is related to the fact thatelars make themost successful voiceless
obstruentstops. Incomparison to [p] ant], the back site of constrictidior a velar stop
produces a smaller cavity behind ttlesure, favoring a build-up of pressure whighibits

voicing. The effect ofthis was seen ithe quantitativeresults, where/OT was found to
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vary significantly not only with the factor of nasality but also vifta factor ofplace. With
regard to the latter factor, [k] was found to have a significantly greater VOT than either [p] or
[t]. Recall also that tokens with [k] presentedamparativelylow standarddeviation in the
closure duration/VOT ratio, indicating thaspects of théming in theproduction of [K] are
considerably more fixed than in [p] or [t]. It is hypothesized that the behavior of figsad
contexts is the consequence of a ceiling effect the length of its VOT. In nasal
environments, the voiceless interval in [p, t] shifts later in relation to closure onset/offset. In
the case ofk], a shift does notakeplace, because iMOT hasreached a threshold in its
duration inGuarani,thatis, it will not exceed about 4ins. This meanghat when the
closure duration for [Kk] islecreased in nasal environmertt® voiceless intervaloes not
increase its extension into tfiellowing vowel. As a resultthe totalvoiceless duration
between oral vowels is greater than that between nasal vowels.

The hypothesizethresholdeffect in the velaNOT could be understood in one of
two ways, whichareopen toempirical verification infurther work. One possibility isthat
the VOT for [K] is sufficient inlength. From this perspectiviine duration of post-release
voicelessness would bsufficient to cue the voiceless quality of te&op, even under
conditions of a shorter closure voiceless duratidwoidance of furtheiintrusion on the
vowel would then prevent the voiceless interval from extending later. The failure of the VOT
of [p, t] to meet the sufficiency requiremembuld explain theshift of the voicelessnterval
with thesestops. Asecond possibility ishat thethreshold for [K] is a result of its VOT
reaching a maximal length. Under this view, the threshtiett could be a consequence of
perceptual factors. It may be that for adequate perceptibility cfttbesedhasalvowel, the
voiceless portion cannot exceed more than aboumglO It isalso possibléhat a maximal
threshold forVOT arises simply as amerodynamiceffect, wherebythe vocal tract
configuration forthe vowel plays a role innitiating voicing. The relatively unconstricted

airflow during the vowel could produce the necessary drdapaisglottal aipressure. 1t is
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conceivable that after duration of 40 ms the aerodynamic properties of wbealic
configuration following a voiceless stop in Guarani are sufficient to induce voicing.

The 40 msvOT thresholdeffect that ishypothesized for Guarani is supported by
datafrom otherlanguages. Irtheir cross-linguisticstudy of VOT, Lisker and Abramson
(1964) investigate languages that are like Guarani in presenting a two-category distinction for
VOT in stops. Ofthe four languages on whictiey reportthat are generally classified as
contrasting voiced and voiceless unaspiragtdps (Dutch, PuertdRican Spanish,
Hungarian, Tamil), the voiceless velar stops were found to display an aW@aghat was
consistently under 4fhs, and voiceless velastopsregularly displayed longevOTs than
voicelessstops withmore forward places of articulation. The3#T generalizations were
true for bothinitial stops in a word produced aitation form andstops produced in non-
initial position in a sentence. For instang@T averages for [K] in PuertRican Spanish
were 29 ms innitial position and 20 ms famon-initial position within asentence. These
VOT averages are well under the 40 ms average found for [k] in Guarani, sugtjestitng
VOT for Guarani velars is near a maximum for voiceless unaspirated stops.

The outcomes predicteghderthe hypothesized scenaribus farfit well with the
data. Inthe overallmeasuresdifferences in timing are explained as the result shié of
voicelessness later into the following vowel in nasaids in order tanaintain a fixedotal
voiceless duration. The distinct behavior of [k] in Guaramiterpreted in connection with
the concept of ¢ghresholdeffectfor its VOT. The velarstop followsthe general Guarani
pattern of reducing closure duration between nasakels. Howeversince the velastop
does not extend its VOT, we do not find a difference in weasusnasalwords forVOT or
the ratio of closure duration/VOT. Also, because the VOT has reached its threshfais [K]
to preserve a fixed total voiceless duration across oral and nasafwords.

A propertythatthus far stands as only an obserebdracteristic is the decrease in

the voiceless portion of the closure between naesalels. When this is achieved by an
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increase in closure voice duration (in the casf]pfthis may be explained aspst-nasal
voicing effect, which has been well-documentedhim phonetic literaturéor representative
examples see Westbury 1983; Westbury and Keating X9Bélaand Ohala1991, 1993;
Bell-Berti 1993; Hayes 1995; Pater 1996, 1999; Hayes and Stivers in progress). In fact, the
absence of a post-nasal voicing effect in the ca$p]@nd [K] after a nasavowel israther
unexpected. In thesstops,the decrease in the voiceless portion of the closure is instead
produced by a shorter overall closure duration. The occurrence of a shorter closure duration
in nasal vocalic environments might be connected to a general fiadings languagebat
nasalvowels are longer than their oral counterpafsee Whalen andBeddor 1989 and
citations therein). It isconceivable that a greater length in nagalvels produces a
compensatory reduction in length of ttveset consonant in Guarani in ordemtaintain a

more even syllable duration; adjustments of this kind in consonant and vowel temngth

been noted in English as part of a general tendenegualize the length ddyllables (as

noted by Ladefoged 1993; Lave®94). Inaddition the preceding nasabwel may have a
shortening effect on the stop. A study of EnglishUmgeda(1977)reveals that in aord-

medial cluster consisting of a nasstiop followed by aroral stop (e.g. [nd], [nt])the oral

stop displays a shorter closure duration théen it appears outside tife cluster. Umeda

finds that this shortening effect is unique to nasals. In clusters beginning witHd]] t¢ine
following consonant tends to be lengthened. tosceivable that the effect gist-nasal
shortening is also induced by nasal vowels. However, to establish whether this is indeed the
case would require further study.

The voicing timing results described here raise some directions for future research. It
would beproductive to replicate thetudy oftiming effects in oralversusnasalwords in
Guarani with a larger group of subjects in order to veht the generalizatiortsold for a
broad base of Guaraspeakers. Imother languages with contrasting oral/nagatalic

environments, it would bimteresting to investigate whether a fixiethl voiceless duration

26



occurs for voiceless stops. The present findings sugjggsa fixedtotal voiceless duration
is a propertythat contributes to defining voicelesstops. Further work isneeded to

determine whether this phonetic characteristic is universal or language-particular.

4.2 Theoretical implications
We now turn toexamining the theoretical implications thfis study. The acoustic
analysis ofthe Guaranproductions hagdentified certain characteristics of voiceledsps

that hold constant across oral and nasal environments.

(7) i The stops are produced with the acoustic hallmarks of oral obstruent stops.
. The stops are voiceless.

iil. The total voiceless duration is fixed in the general case ([p, t]).

Under the assumptionthat the generalizationfound in this studyare representative of
productions inthe language, these results bear thie phonology-phoneticsnterface in
Guarani. From a theoretical perspective, they have implications both fiestigeoflocality

in phonological feature spreading aridr modelling the phonetic implementation of
phonological features. The former matter is addressed first inrelation to the three
hypotheses outlined in section 1.1.

H1 conceptualized nasal feature spreading as producing a strictly contapaousf
nasalization, consistent wittihhe proposals ofStrict Segmental Localityand Articulatory
Locality. This hypothesis posits a [+nasi@ture specification asorresponding to a wide
velic aperture irall segments of which it is a propertiyencestops innasal contexts are
expected to become audibhasal. However, apointed out in sectio.1, the acoustic
pattern of voicelesstopsbetween nasatowels matches that of oralbstruents rathethan
nasal stops. This indicates that H1 is not supporide energythatwould result from the
air flowing through a wide opewelum isconspicuously absent. Alsthe obstruent-type

burst identified in the acoustic pattesignalsthat abuild-up of pressure behinithe oral
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closure has occurred, and hence a significant amount of air has not escapedtiiermagial
passage. A second alternative consistent thighStrict Segmental Localitgnd Articulatory

Locality views takes the position that realization of the feature [+nasal] in a stop is satisfied if
a minimal degree of velimpening is achieved, in particuldhe nasal leak configuration
wherethe airflow resultingfrom the velic opening is sufficient to induce voicing but not
audible nasalization.Under H2, amedial voiceless stop witmasal leak is predicted to
become voiced in nasal harmony contexts but continue to display the acoustic properties of
an obstruent stop. The present study also does not support this scenalearfiAding is

that voicelessstopsremain voiceless in nasal harmogpyans. There isthus nocue of full

closure voicing to indicate a continuous gesture of velic opening at a threshold degree.

H3 posited a phase during the stop during which the velum is fully raised, thiae¢
transparent segment produces a discontinuity irspineading lowereglelum gesture. This
hypothesis is consistent wittme acoustic patterninpund here: thestop displayed the
propertiesthat would beexpected in a voiceless plosive produced with a raisdam. It
should benoted that the precise timing wélic lowering and raising for H3 is nafitical:
what is important ighat there is evidence that the velunrassed for some portion of the
stop in order to interrupt the spreading nasality gesture. The present study thus does not find
data to support either Strict Segmental Locality or Articulatory Locality as holding kviie
of the phonetic output for transparent voicelssps in Guaramasalharmony. However,
these findingdeaveopenthe possibilitythat theseconceptions ofocality might instead be
posited as holding at an abstract phonolodmat| of representation or as a generalization
that can beendered obscure througlerivationally opaque rule or constraint interactions.
For example,derivational opacity in generativehonology might be invokedsuch that
feature spreading imaintained as strictly loc#élut the application of kater rulecauses the
spreadfeature specification to be deleted on the transpaeginent, as ithe mapping

/meta/ —» [m@fd] — [méta]. In this example, nasalizatiospreads onto [t] but is
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subsequently deletedhence obscuringthe effect of localspreading (seé/ago 1976;
Clements 1976; Piggott 1988/alker 1998 makes a relatedroposal inOptimality Theory,
see Walker 1996 and Ni Chiosain and Padt@®7 for analysesalling on a separatevel
of realizational mapping). Since the indications of the present studyaar8trict Segmental
Locality and Articulatory Locality do not regularly generalizeover all phonetic
representations, it would seem that these moddtscality do not reduce solely to phonetic
principles but rather represent abstract phonological constraints or primatheispnesthat
arguably have a phonetigrounding. Certain cases ofvocalic transparency in vowel
harmony might also provide evidenfm phonetic discontinuities in featuspreading, but
this is subject to further investigation.

Next the implications ofthis studyare consideredor modelling the realization of
phonological representations. Therk hasidentified a fixed property ofotal voiceless
duration in voicelesstops, though the timing in relation tostop closure/release can be
shifted according to oral/nasal context. iuplication ofthis finding isthat it confirms the
need to identify the principles involved in the phonetic implementation of phonological
features (Pierrehumbert 1980; Browman and Goldstein 1986 eKeatjng 1988, 1990;
Cohn 1990, 1993a, b; Huffman 1988993; Kingston 1990; Kingston aridiehl 1994;
among others). Various proposalshave been made concerning tfactors involved in
mapping from an abstract phonological representation to a more commetiduous
sequence ofimed articulations ogesturesand the voicing timingindings of the present
studyare briefly considered in relation tawo proposals in thiarea(i) articulatory binding
and (ii) the recognition of articulatory and perceptual factors both playing a constraining role.

Some analysts have argutrtht the phonetic correlates tdatures are coordinated

with other articulations in systematigzays. The binding principle proposed by Kingston

(1990) posits aoordination between laryngeal features atmp consonant release. The

binding principle is intended to constrain the possible timing of glottal articulations in relation
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to oralgesturesgxplainingwhy laryngeal features more frequently modify aspects of the
release rather than tlomset of closure. Huffman (198®&)akes a relategroposal in her
investigation of the phonetic implementation of the feature [nasal]. Working inititows
framework of feature realization (Keating 1988, 1990; Cb®80), Huffman argues for the

existence oérticulatorylandmarks which fix the timing of nasality/orality (or other features)

in relation to other articulatorgvents. Inthe case of oradtops, she findthat theproperty

of orality ([-nasal]) is associated with the point of closure release. Nasal sttes ather

hand have the property of nasality ([+nasal]) affiliated thth duration of thelosure. The

Guaranidata areconsistent with these models of feature coordinatiothat the point of

release of voiceless stops in oral and nasal contexts was consistently oral and voiceless.
With regard to voicing timing, recall from section 3.2 that skendard deviations for

VOT in nasal tokens werlound to be consistentigreater tharfor oral tokens withineach

place ofarticulation. IfVOT is afunction of whenthe glottis adductselative to thestop

releasethen this difference indicateékat the coordination of the glottal adductiand oral

release is much more variable in nasédens. Thiggreat a degree of difference in standard

deviation cannot be attributed simply to the increase in VOT in masals. Inaddition, the

observed difference in standard deviation was specific to VOT; standard deviation for closure

duration did not differ systematically for oral versus nasal words witlaice ofarticulation.

The variability in nasal tokens suggests that in these words the glottal articulatioechase

‘unbound’ from the oral articulation in the sense that although voicelessness overlaps closure

releasethe timing of theboundaries othe voiceless interval do not seem to be strictly

anchored in relation to {fflohn Kingstonpersonal communication). It is hypothesizbalt

the glottaland oral articulations becommbound as a result dfie shift of events in nasal

contextsthat arises from increased closure voicing or shorter cloduration. Since this

explanation attributes the cause of unbinding to a shift in relation to either the onset or release

of closure, it suggestthat timing of the glottal articulation is connectedbiath of these
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events.

An important property of the phonetic implementation of [-vofoend in this study
is that totalvoiceless duration remains fixed apdrsists longemto the following vowel
when the voiceless portion of the closudecreases. Hence it is not the casthat the
boundaries of the period of voicelessness are fixed in relation tgestlresyather there is
some rangdor movement. The needfor someflexibility in phonetic implementation is
recognized by various researchers (see Lindblom 1990; KingstoDienidL994; Silverman
1995; Byrd 1996a, bwright 1996, amongothers). For example, itiheir work on the
realization of the featurpvoice], Kingston andDiehl find that phonetic implementation is
governed bycertainconstraints whichimit the range of possiblegealizations;however,
within this range, the speaker may control treutcome,balancing the minimization of
articulatory effort withmaximization of perceptibility. This notion of a speaker-controlled
phonetics provides a good framework in whichckaracterize théactors involved in the
production of Guarani voicelessops. Underthe assumptionthat thefindings for the
subject of thisstudyare generally representative of patterns in the Guéaagiuage, it is
suggested abovéhat a fixed total voiceless duration is maintained (@uarani to aid
perception of voiceless stops. With this understanding, the incrég@Sethat occurs when
the closure voiceless duration decreases cachhecterized as a controlled adjustment to
accommodate listener-orientededs. This shift still obeysthe coordination constraint of
producing voicelessness at the point of release. In the case thie[K|QOT is conjectured to
have reached a threshold. This threshold is listener-orientiee/\fOT is understood to be
sufficient to facilitate perception of the voiceless quality (antibed,the voiceless quality of
the [k] seems to be readily perceptible).thé threshold is instead understood as maximal,
with VOT as a consequence of aerodynamic factors, this would be a speaker-oriented effect.
In either case, the fixed VOT for [K] is moderated by minimization of articulatory effort.

The Guarani data supports previous researchkaigis that an acknowledgement of
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various and sometimenflicting realizational requirements mecessary in any theory of
phonetic implementation. Bway of conclusion, wenote thatfuture research on this
language could prove fruitful if it were to explore a connection between these
implementational principleand the transparency of voiceledsps innasalharmony. As
pointed outabove,voiceless obstruerdtopsare not easily accomplishedth a lowered
velum, indeed the concurrent production of a voiceless plositie nasalization might be
impossible. Thisantagonism of the featural properties is likely connected tmltiserved

stop transparency. The details of how this antagonism is resolkaddtion to continuity in
spreading deserveadditional investigation. An instrumentastudy giving more direct
information about timing ofelic opening and closurée.g. measuring nasal airflow) in
relation tostop closure andelease could bring further insight tiee localityissue. The
results of a nasal airflow investigation of Guarawduld also potentially contribute to
identifying the degree to which velum lowering must be maintained in [+nasal] segments and

the factors that influence this dimension.

32



Appendix: Word pairs

Ip/

1. /ru'pal [ru'pa] ‘bed’ (1st poss.)
/nu'pa/ [nt'pa] ‘to hit’

2. Mjo'pi/ [d30'pi] ‘to itch, sting’
Ipo'pi/ [pd'pi] ‘to peel, strip’

3. /ke'pe/ [ke'pe] ‘asleep’
/mbo'pe/ [md'pe] ‘he/she broke’

4. /pe'pe/ [pe'pe] ‘to flutter, flap wings’ (lit.)
/dje'pe/ [né'pe] ‘to break’

5. /dja'pi/ [d3a'pi] ‘to throw, shoot at’
/dja'pi/ [na'pi] ‘to cut hair’

6. /ha'pu/ [ha'pu] ‘to catch fire’
/fa'pi/ [fa'pi] ‘defective, amputated, cut off’

il

1. /ku'tu/ [ku'tu] ‘to stick (with), prick, strike’
/pur'tii/ [pul tii] ‘dark’

2. /i'ta/ [i'tla] ‘stone, rock’
Jw'ta/ [uita] ‘to swim’

3. /mbo'tu/ [mbo'tu] ‘to close, shut’
Jmbo'ti/ [md'ti] ‘to cause shame’

4. /po'ta/ [po'ta] ‘to want, desire’
/te'tal [t&'ta] ‘nation, country’

5. /ta'ti/ [ta'ti] ‘daughter-in-law’
/ta'ti/ [ta't]] ‘horn’

6. /pa'ti/ [pa'ti] ‘name of a fish’
/ka'ti/ [ka'ti] ‘stinking’

7. /ta'ta/ [ta'ta] fire’
/ha'ta/ [ha'ti] ‘hard’

K/

1. /fu'ka/ [fu'ka] ‘to show’
/tu'k@/ [ta'ka] ‘toucan’

2. /po'ko/ [po'ko] ‘to touch’
/mo'kd/ [Mm3'kd] ‘to swallow’

3. /o'ke/ [o'ke] ‘to sleep’
/o'ke/ [6'kE] ‘door’

4. /he'ko/ [he'ko] ‘custom, behavior’ (3 poss.)
/ho'ke/ [ho'kE] ‘door’ (3 poss.)

5. /djo'ka/ [d30'ka] ‘to break’
/mo'ka/ [md'ka] ‘to wipe up, wash’

6. /ka'ka/ [ka'ka] ‘to defecate’
/ha'ka/ [ha'ka] ‘branch’
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Endnotes

. For a study of voicelesBicatives described agransparent in the nasal harmony of Coatzospan
Mixtec, seeGerfen(1996). Gerfen's researcfinds that nasal airflow ismaintained during these segments
(but see Ohala, Solé and Ying 1998 on the weakening effects of nasal airflow on voiceless fricatives).

2 The following word repetitionswere omitted: [djopi] repetition 4, pep&] repetition 1, [api]
repetition 3, {ita] repetition 2, fata] repetition 1,and pke] repetition 1. In these cases, theventh
repetition of the word was substituted, and the six word repetitions actxaltgined were numberdcbm 1-
6 corresponding to the order in which they were read.

8 Consideredrom a cross-linguistic perspective, the patterning of [t] witkpect tothe shift of
voicelessnesmight be expected tofall with [K] ratherthan with [p] if thethresholdeffect wereone of
sufficiency rathethan maximality. Maddieson(1984: 34-37) reports that cross-linguistically the bilabial
place or articulation is relatively disfavored among voiceless stops. A factor contributingdisptieéerence

is that thegreatersize of the cavitybehind the closure for bilabialgprovides conditions folincreased
transglottal airflow,and hence it isless conducive to avoiceless state (since transglottal airfldavors

voicing). The result is that inventories containing just two voiceless st@paost likely toincludelt, k]

and exclude [p]. While with respect to backness of closure, [t] miglexjpected to b¢éhe next most likely
candidate to be excluded from the set of voiceless staigsis not thecase. Maddiesorfinds that [t] is the

most common form of obstruent stopresumably on the basis d&vorable articulatory or acoustic
properties correlated with the coronal region of articulation. On the basis of these cross-litepdsticies,

it might be expected that both [t] and [k] would achieve a voiceless burst threshold, at least in the sense of a
sufficient VOT, and only the voicelegeriod of [p] would undergo sshift in nasal contextsHowever, the

Guarani data indicate that this is not the case. [t] patterns witariggnly the highly robust burst of [k]

displays the threshold effect. Thanks to Abby Cohn for raising this issue.
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Figures

Figure 1. H1: Continuous wide velum lowering—Full nasalization.
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Figure 2. H2: Continuous threshold velic lowering—Nasal leak configuration.
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Figure 3. H3: Velum raising during voiceless stop—Transparent segment discontinuity.
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Figure 4. Guarani vowel inventory.
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Figure 5. Sample waveform and spectrogram for VCV portion of [po'ko] ‘to touch.’

Dﬁgchl . SCALE 1.227v88< -128%

3=

a

1

=

-

- Favs
5

S

z "

Freqg.{Hz 2

e T

L

i [ T
Time {(slec) 1.228

(A (B) ©) (D)



Figure 6. Sample waveform and spectrogranjdt&] ‘door.’
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Figure 7. Voicing timing overall measures.

Oral.

Closure voice Closure voiceless VOT

dur. 25.67 ms. dur. 139.85 ms. 26.58 ms.

A B C D
Total voiceless dur. 166.43 ms.

Nasal.

Closure voice Closure voiceless VOT

dur. 28.81 ms. dur. 129.74 ms. 32.42 ms.

A B C D

Total voiceless dur. 162.16 ms. (difference n.s. from oral)

(A) Initiation of closure, (B) Offset of closure voicing, (C) Release of stop closure, (D) Onset
of vocalic voicing.



Figure 8. [p] voicing timing measures.

Oral.

Closure voice Closure voiceless VOT

dur. 29.98 ms. dur. 138.88 ms. 20.59 ms.
A B C D

Total voiceless dur. 159.48 ms.

Nasal.

Closure voice Closure voiceless VOT

dur. 26.95 ms. dur. 131.69 ms. 31.47 ms.
A B D

Total voiceless dur. 163.16 ms. (difference n.s. from oral)



Figure 9. [t] voicing timing measures.

Oral.

Closure voice Closure voiceless VOT

dur. 24.78 ms. dur. 139.89 ms. 20.38 ms.

A B C D
Total voiceless dur. 160.27 ms.

Nasal.

Closure voice Closure voiceless VOT

dur. 34.07 ms. dur. 128.76 ms. 26.65 ms.

A B C D

Total voiceless dur. 155.41 ms. (difference n.s. from oral)



Figure 10. [K] voicing timing measures.

Oral.
Closure voice Closure voiceless VOT
dur. 22.42 ms. dur. 140.76 ms. 39.8 ms.
A B C
Total voiceless dur. 180.56 ms.
Nasal.
Closure voice Closure voiceless VOT
dur. 24.54 ms. dur. 128.93 ms. 40.11 ms.
A B C D

Total voiceless dur. 169.04 ms. (significant difference from oral)



Figure 11. VCV portion of[ha'ta] ‘hard.’
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Figure 12. Average Total Voiceless Duration plotted against average VOT for [p, t, K].
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Tables

Table 1. Observed possible patterning of segments in nasal harmony.

Vocoids Liquids Obstruents
Blockers 0 0 0
Targets O O
Transparent segmen O O




Table 2. Guarani consonant inventory:

Labio-

Pre-

Labial-

Bilabial dental Dental | Alveolar palatal Velar Velar Glottal
Plosive/Nasal | P ™b/m t nd/n k 9g/np | k™ 9g¥m™ | ?
Affricate/Nasal dj/n
Flap cft
Fricative S § x/h
Approximant /o w/u w /g™
Lateral

Approximant




Table 3. Means table (ms), split by nasality.

Mean

Std. Dev

closdur/VOT, Total

6.50103 2.91093

closdur/VOT, Oral

7.33772 3.0854

closdur/VOT, Nasal

5.66434 2.4664

VOT, Total 29.9 11.7
VOT, Oral 26.58 11.0
VOT, Nasal 32.472 11.7

closure duration, Total

162.04 18.5

closure duration, Oral

165.573 19.1

closure duration, Nasal

158.54 17.2

closdur/closvoice, Total

7.43438  4.924

closdur/closvoice, Oral

closdur/closvoice, Nasal

6.61334 3.8273

closure voice dur, Total

27.24 13.4

closure voice dur, Oral

25.67 12.5

closure voice dur, Nasal

28.81 14.1

closure voiceless dur, Total

134.74 19.1

closure voiceless dur, Oral

139.84 19.0

closure voiceless dur, Nasal

129.74 18.0

tot voiceless dur, Total

164.24 21.2

tot voiceless dur, Oral

166.43 22.5

tot voiceless dur, Nasal

162.14 19.7

7
2
1
D
1
i
P
O
D
1
8.25542 5.71871
3
D
b
D
B
3
A
O
O
7




Table 4. Means table (ms), split by place and nasality.

Mean Std.
Dev.

closdur/VOT, Total 6.50108 2.91037
closdur/VOT, p, Oral 8.879% 2.6779p
closdur/VOT, p, Nasal 5.8589? 2.63621
closdur/VOT, t, Oral 8.67034 2.65543
closdur/VOT, t, Nasal 6.837¢ 2.4648P
closdur/VOT, k, Oral 4.24121 0.93045
closdur/VOT, k, Nasal 4.10094 1.16975
VOT, Total 29.5 11.72
VOT, p, Oral 20.5p 5.98
VOT, p, Nasal 31.47 11.67
VOT, t, Oral 20.3B 5.35
VOT, t, Nasal 26.65 8.72
VOT, k, Oral 39.9 7.69
VOT, k, Nasal 40.11 10.85
closure duration, Total 162.04 18.5p
closure duration, p, Oral 168.86 16.9p
closure duration, p, Nasal 158.64 15.7y
closure duration, t, Oral 164.67 16.4p
closure duration, t, Nasal 162.83 19.2p
closure duration, k, Oral 163.17 23.76
closure duration, k, Nasal 153.47 14.98
closdur/closvoice, Total 7.43438 4.92411
closdur/closvoice, p, Oral 6.98952 3.34819
closdur/closvoice, p, Nasal | 6.68609 2.66644
closdur/closvoice, t, Oral 8.84¢d01 7.86402

closdur/closvoice, t, Nasal 5.97756 4.97p67
closdur/closvoice, k, Oral 8.83229 4.41631
closdur/closvoice, k, Nasal | 7.28232 3.20489
closure voice dur, Total 27.24 13.42
closure voice dur, p, Oral 29.98 15.44
closure voice dur, p, Nasal 26.95 9.59
closure voice dur, t, Oral 24.79 11.01
closure voice dur, t, Nasal 34.07 18.62
closure voice dur, k, Oral 22.42 9.84
closure voice dur, k, Nasal 24.54 9.48
closure voiceless dur, Total | 134.79 19.18
closure voiceless dur, p, Ora] 138.883 19.98
closure voiceless dup, Nasal| 131.69 16.4p
closure voiceless dur, t, Orall 139.89 16.3f
closure voiceless dur, t, Nasal 128.76 22.6
closure voiceless dur, k, Oral] 140.7¢ 21.3p
closure voiceless dur, k, Nagal 128.9 13.2p
tot voiceless dur, Total 1649 21.29
tot voiceless dur, p, Oral 159)48 21.98
tot voiceless dur, p, Nasal 163116 16.16
tot voiceless dur, t, Oral 16027 16.12
tot voiceless dur, t, Nasal 155{41 23.52
tot voiceless dur, k, Oral 180456 23.66
tot voiceless dur, k, Nasal 169]04 15.74




