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Abstract

Prosodic structure has long been known to constrain
phonological processes [1]. More recently, it h&o deen
recognized as a source of fine-grained phoneti@atian of
speech sounds. In particular, segments in domdiatin
position undergo prosodic strengthening [2, 3], alwhilso
implies more resistance to coarticulation in higipensodic
domains [5]. The present study investigates the bioed
effects of prosodic strengthening and assimilatdeyoicing
on word-initial fricatives in German, the functidna
implication of both processes for cues to the $olhnis
contrast, and the influence of prosodic structurdisteners’
compensation for assimilation. Results indicate tHat
Prosodic structure modulates duration and the eéegk
assimilatory devoicing, 2. Phonological contrastse a
maintained by speakers, but differ in phonetic itleteross
prosodic domains, and 3. Compensation for assimilain
perception is moderated by prosodic structure amdcal
constraints.

1. Introduction

Prosodic structure refers to the organization afkep
language into hierarchically embedded domains: aBigk
form words, which are grouped into phrases, andrartces
may consist of several phrases. While the numbelr tae
phonetic correlates of prosodic domains may ditieross
languages, the influence of prosodic structure aithb
phonological processes [1] and on fine-grained ption
details [2, 3, 4] has been demonstrated for a anbat
number of languages. In French, for instariegson (i.e., the
realization of an underlying word-final consonamiich is not
present in the citation form of a word) occurs oiflythe
following vowel belongs to the same phrase. Withire
framework of Prosodic Phonology, the scope of such
phonological processes defines prosodic domainsothéen
line of research has shown that different-sizedsquda
boundaries, as defined mainly by intonational catealso
affect the phonetic details of boundary-adjacergmsmts,
resulting in final lengthening’ and ‘initial strgthening’. The
focus of the present study is on initial strengthg@nwhich
implies increase in duration and in spatial arttoty
expansion. As a consequence, segments are also
coarticulated across larger prosodic boundaries [5]

The present study investigates the effects of mlioso
structure on the production and perception of tleedwnitial
German fricatives /f, v, z/ [cf. 6]. The phonologjiccontrast
between /f, s/ (fortis) on the one hand and N{etdis) on the
other hand is mainly cued by two acoustic cuesatitum and
glottal vibration.
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In our production studies, we investigated how baiks are
affected by initial strengthening: Our first hype#is stated
that the duration of initial fricatives would inage with the
size of the prosodic domain. Second, the lenisfives /v, z/
can be devoiced if they follow voiceless obstruesiish as /t/.
This assimilatory devoicing has been reported tadraplete

for /z/, which does not contrast with /s/ in wordtial position

(e.g., hat zant/ ‘has sand’ ->ljatsant]), but to be incomplete

for /vl (/hat vase/ ‘has water’ -> hatyase]), which is assumed
to remain distinguishable from /f/ [7, 8]. We hypesized that
the degree of assimilatory devoicing was not owlyditioned
by such phonotactic or lexical constraints, bub ddg the size
of the prosodic boundary (Experiment 1).

The partial devoicing could make the recognition of
words such asvtlde/ ‘forests’ harder for listeners, since there

may exist competing words beginning with /f/, sachfelde/
‘fields’. Hence, we investigated in three perceptua
experiments how listeners deal with this variatiordifferent
prosodic domains. Perceptual studies on other types
assimilation have shown that listeners compensate f
assimilation, that is, that they adjust their phoitecategories

to viable versus non-viable assimilation contex@& 10].
These studies, however, have not yet taken prosodic
constraints into account, despite the evidence phnasodic
structure influences assimilatory processes [1]. théxefore
investigated compensation for the progressive asgary
devoicing of German fricatives with respect to tjgestion
whether prosodic structure modulated the expected
compensation (Experiments 2, 3). Finally, we adsbrdsthe
question whether the lexico-functional differenevieen the
/f-vl-contrast versus the /s-z/-contrast has anreceffon
perception (Experiment 4).

2. Experiment 1: Production of /f, v, 2/

Eight native speakers of Northern Standard Gerread r
various sentence typess illustrated by the examples given in
Table 1. The sentence types were constructeddib diiferent
prosodic boundaries before the target words. Thgeta
words, starting with the three fricatives /f/, fahd /z/, were:
Felder ‘fields’, Walder ‘forests’, and Senken 'loois’. The

lessPreceding context was varied to be /t/ in hat ‘has’

(=assimilation context), anda/ in hatte ‘had’ (=non-

assimilation context). Speakers were instructegrtiuce a
contrastive phrasal accent on another word in tierance

! The data in the present study overlap partiallyhwdata
reported earlier [6]; however, the prosodic andtisteal
analyses were elaborated, leading to new results



(indicated in boldface in Table 1), leading idealtg

deaccentuation of the target words. Each speakmituped
four repetitions of each sentence. Recordings wegenented
and prosodically annotated by two phoneticallyrteai native
speakers of German. Utterances containing a paefeeeh or
an accent on the target word were excluded fromyses,

since both a pause and accentuation may influemeesdice
assimilation and the duration of the targets. ®meaining 601
utterances were grouped into two prosodic categoRarase
and Word. A Phrase boundary was defined by theepoesof
a pitch movement associated with a ‘boundary toadlyord

boundary by the absence of a melodic break. Posthoc

examination of the preboundary syllable durationgperted
this classification, showing a significantly diféent
lengthening pattern of Phrase > Word.

* Inducing Phrase Boundary, Assimilation Context

Weil sie vorhat, Elder undwWiesen zu malen, ...
Because she plans, fields and meadows to draw, ...

‘Since she wants to draw fields amgadows, ...’

* Inducing Word Boundary, Non-assimilation Context

Anna hatte_elder und Wiesen gemalt.
Anna had fields and meadows drawn

‘Anna had drawn hollows and hills.’

Table 1:Examples of sentence types for the sequences
It(e)#fl.

We measured the duration and the period of glettahtion
of the target fricatives. First, we investigatedrddn-initial
strengthening separately from the potential prasodiuence
on voice assimilation. We modeled the durationgfioés a
function of Prosodic Boundary and Context, and ofz/vin
the non-assimilation context as a function of Pdiso
Boundary by fitting multi-level linear mixed modeisith
Speaker as a random variable.
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Figure 1:Distribution of durations of /z/ and /v/ in
/al-context as a function of prosodic boundary

The analyses showed that all fricatives were sicpnitly
longer after a Phrase boundary than after a Wouhdary, as
illustrated in Figure 1 for /v/ and /z/. The effect the duration
of /f/ was similar and did not differ between tleotcontexts.
These results confirm the previously reported avigefor
domain-initial strengthening in German [6].

Second, we studied the influence of prosodic stinecbn
the degree of assimilatory devoicing for /v, z/assimilation
context (/t/). We normalized the period of glottddration for
the duration of the fricative, by analyzing theqeattage of the
fricative produced with glottal vibration, insteafl the plain
duration of glottal vibration. A linear mixed modelith
Prosodic Boundary and Fricative as fixed effects &pdaker
as random effect showed a significant differencthndegree
of devoicing between the two fricatives: /v/ is dioed to a
lesser degree than /z/. Apart from an articulateyedynamic
explanation based on the difference in oral casitg, which
makes continuous vocal fold vibration harder tontain in
alveolars than in labiodentals, the lexico-functibload of the
/f-vl contrast may have played a role. In conttasthe /f-v/
distinction, the phonemic difference between /sd &/ is
neutralized in word-initial position in German, whe/s/ is
phonotactically illegal. In other words, the assatidon in
/hat zepken/ ‘has hollows’ does not produce lexical
competition, since ¥epkan/ is not an existing word.

More importantly, both fricatives were significanthore
assimilated across Word boundaries than acrosss®hra
boundaries (Figure 2). This finding shows that pdis
structure does not only constrain the occurrence of
assimilation processes, but may also modulate tiegjree.
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Figure 2:Distribution of percentage of vocal fold
vibration during /z/ and /v/ in /t/-context as anfition of
prosodic boundary

Finally, we investigated whether assimilatory deirgg
had any effects independent of domain-initial l&eging on
the duration of assimilated fricatives. Since adatory
devoicing makes (voiced) lenis fricatives moreilike (i.e.,
unvoiced), it might also affect duration as anottee. If so,
more assimilation at smaller boundaries would léadan
increase in duration, which would counteract thendin-
initial lengthening. On the other hand, the overlapd
reduction of articulatory gestures which may underl
assimilation might also shorten more assimilatédafives.
We compared the durations of /v, z/ across contexis
examined the correlation of percentage of glotiékation



with duration within prosodic conditions. Howevave did
not find any evidence for assimilatory devoicingluiencing
segment duration in either direction.

Our results have provided evidence for prosodic
strengthening in German and have shown that thifalin
strengthening also implies greater resistance tgrpssive
assimilatory devoicing, which appeared to be a igrad
prosodically-conditioned process for both /v/ amgfl With
respect to the fortis-lenis distinction which maydhallenged
by assimilatory devoicing, prosodic structure affethe two
major cues into opposite directions: At higher bdanes,
lenis fricatives are longer, thus more fortis-likeit also less
devoiced, thus more lenis-like. This suggests grasodic
strengthening minimizes the assimilation effect tme
categorical identity of lenis fricatives, resultinig a stable
dispersion of phonemic categories in all contexts.

Given that in production, we found less glottalratiion
after /t/ than afterd/, especially after a Word boundary, we
hypothesized that in perception, less glottal tibrawould be
required for a /v/-percept in a viable assimilatmmtext than
in a non-viable context (compensation for assinaifgt and
that within /t/-context, less glottal vibration wdu be
necessary across smaller boundaries (compensation f
prosodic structure). These predictions were testedwo
phoneme categorization experiments (Experimen?s.2,

3. Experiment 2: Perception of devoiced /v/

In a first experiment, we tested the perceptuaatéf of
amount of glottal vibration during /v/. The effecf the
amount of glottal vibration for the perception asti§ or lenis
was investigated in four conditions with varyinggsental
context and prosodic boundary between context anget
fricative: Assimilation context + Word boundary, MNo
assimilation context + Word boundary, Assimilatmmtext +
Phrase boundary, Non-assimilation context + Phrase
boundary. We generated two voicing continua basedwm
natural tokens of /v/, a fully voiced and a complgtdevoiced
token as uttered by a female speaker who was rgaudirt of
the materials in Experiment 1. The continuum sounds
generated with PRAAT interpolated between these @ntp
by steps of single glottal cycles. The durationstiod test
sounds differed for the two continua since theyengrosen to
match the two experimental prosodic conditions,aBérand
Word, and showed typical values for the speaker If#0
versus 50 ms). As test sounds, we selected 7 Btmpseach
continuum which were matched in percentage of glott
vibration, equidistant within the range between 1&3d 85%.
The test sounds were spliced into carrier sentesicaiar to
those in Table 1 as uttered by the same femalekspeahere
prosodic context was varied between Phrase and Veerd
defined above, and segmental context was variedeaet /t/
(assimilation context) andb/ (non-assimilation context). 17
native listeners identified the target words inetdhce
contexts as ‘Felder’ or ‘Walder’ in a fully crosseésign (2
Boundaries x 2 Contexts x 7 Steps) with 10 repettitor
each stimulus. Figure 3 illustrates the averagei /
identification scores for the four prosodic+segmémrbntext
conditions.

The data were subjected to ANOVA and posthoc
comparisons by t-tests. In both prosodic conditiaves found
a significant context effect: more /v/-responsesengiven in

assimilation context (/t/) than in non-assimilaticontext (4/)

confirming the compensation for assimilation hymsiks.
Interpretation of the prosodic boundary effect was
complicated, since, contrary to our expectationsdid not
reach significance within /t/-context, but was resin b/-

context. Overall, there was a strong bias towartsesponses
in almost all experimental conditions (except fdnet
maximally devoiced endpoint in the Phrase-Schwalitimm),

which may be due to the short duration of the fiigg a cue
for lenis. Hence, we may attribute these results teeiling
effect. Therefore, we ran a second identificatiapegiment
with a full /f-v/ continuum.
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Figure 3:Percentages of /v/-judgments across duration-
normalized voicing continua in four prosodic+segitaén
context conditions

4. Experiment 3: Perception of /f-v/

In this Experiment, we used a similar procedureinas
Experiment 2. However, we generated a single coatn
between clear /f/- and /v/-endpoints, that is, testinds
showed increasingly longer durations and up to zgotes of
glottal vibration towards the /f/-endpoint [120 msind
continuous glottal vibration at the /v/-endpoinD[ws]. The
interpolation of duration and number of glottal legcyielded
20 continuum steps, which were all used in the expnt. As
in Experiment 2, the crossing of two prosodic ameb t
segmental factors resulted in four conditions. Beeaof the
larger number of steps we presented only four rémes. 20
native listeners again identified target wordsufl @éitterance
contexts as ‘Felder’ or ‘Walder’. The mean percgataof /v/-
responses are plotted for the four prosodic+segahent
conditions in Figure 4.

Analysis of variance and posthoc comparisons shahed
significance of viable versus non-viable assimilatcontext in
both prosodic conditions, except for steps close the
endpoints in most conditions. The previous findiog
compensation for coarticulation has thus been cad. In
addition, we found compensation for prosodic streeein the
/t/-context, in that more /v/-responses were olegiin the
Word condition than in the Phrase condition. Thifea
appeared also in a second analysis: we fitted tiogis
regression models to the categorization functiohseach
participant and performed an ANOVA over the aggreda
calculated 50% points (phoneme boundaries). Thendemy
between /f/ and /v/ shifted to a more devoiced siapthe
continuum in the Word condition. Note that thiseggdry shift



cannot be attributed to the fact that because af th
interpolation procedure in this experiment, a mdexoiced
sound also had a longer duration, since longertiduravould
have served as a stronger cue to fortis (/f/) aodldvhave
counteracted the compensation for prosodically-itmmd
assimilation.
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Figure 4:Percentages of /v/-judgments across /f-v/-
continuum in four prosodic+segmental context candi

5. Experiment 4: Perception of /s-z/

In a fourth experiment, we addressed the question
whether the difference between the fricatives oleskrin
Experiment 1—more assimilatory devoicing for /ztrtfor /v/
(Figure 2)—also had consequences in perception. We
generated a 20-step /s-z/ continuum in the same amy
described in Experiment 3 for /f-v/, and ran themea
procedure with 20 new participants. This time, thad to
decide whether the stimulus they heard was thdiegitarget
word /zkenken ‘hollows’, or a “mispronunciation” resulting in
the non-word*senken The results replicated the context
effect, that is, listeners compensated for assiioilaeven in
case of a non-phonemic contrast. Interestinglydigenot find
any difference between the prosodic conditions e t
assimilation context (/t/). In contrast to Experith8, listeners
did not exploit the subtle phonetic differencesuoed by
prosodic structure. Prosodic structure seems t@xmpdoited
more readily if the recognition of existing wordsfacilitated
(as in Experiment 3).

6. General Discussion

The present study addressed the role of prosadictste
in the production and perception of German wortighi
fricatives. We focused on the process of assimyato
devoicing of lenis fricatives across different-sizprosodic
boundaries. This sandhi process might have caupedeatial
problem for listeners in the case of /v/, sincerghexist
competing words beginning with /f/. Moreover, otloeres to
the fortis-lenis distinction are also affected kynthin-initial
prosodic strengthening.

The production study reported in Experiment 1 riaca
that there is indeed prosodic strengthening in Garm
fricatives, both in terms of phonetic expansion aofl
resistance to assimilation. Prosodic strengtherofiglenis

fricatives in assimilation environments affects tmajor cues
to the fortis-lenis distinction in a way which keephonemic
contrasts stable: At smaller boundaries, lenisafives are
more devoiced, but also shorter than at larger taries.
Furthermore, the assimilation process seems tmbst@ined

by the lexico-functional load of the fricative idén
(Experiment 1).
Our perception studies have shown that listeners

compensate for assimilatory devoicing in viabletegts, and
that this compensation is also moderated by prosstdicture.
However, compensation for the influence of prosatiiacture
on the amount of glottal vibration only becomeshlesin the
phoneme identification paradigm if other cues, artigular
duration, do not override them (Compare Experimé&nend
3). Moreover, the results of Experiment 4 sugdest listeners
only take prosodic structure into account if itéevant in the
comprehension of existing words. It cannot, howgebkerruled
out that the difference between /f-v/ and /s-zhas drive by
the lexico-functional load, but rather by articolat
differences. Further research with methods whiabvige a
better temporal resolution of activation processdbe mental
lexicon is desirable.

In summary, this study sketches a complex intevaotif
prosody, sandhi processes, and phonotactic comstrai
maintaining clear acoustic cues to prosodic strectis well as
to the fortis-lenis distinction for the listener.
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