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Abstract: The devoicing of sibilants took place in Early Modern Spanish, a phenomenon which
has been considered problematic to account for due to its occurrence context (medial intervocalic
position). Traditional explanations invoked Basque influence or a structural reorganization in search
for a more balanced system. However, phonetically based reasons were proposed by some scholars.
This research is a preliminary attempt to support these proposals with experimental data from a
comparative grammar perspective. The Catalan sibilant system, which is very similar to the Medieval
Spanish one, is acoustically and perceptively studied in order to investigate the acoustic cues of
voicing and to determine if devoicing is possible. Results indicate that (a) voicing relies mainly in the
proportion of unvoiced frames of the segments, on its duration, and, to a lesser extent, on its intensity;
(b) sibilant devoicing occurs in all voiced categories; (c) auditorily, confusion between voiced and
voiceless segments can be attested for every sibilant pair, and (d) the misparsings are more common
in affricate and in palatal sibilants, [d>Z] being the most prone to be labelled as unvoiced. These
findings prove that the historical process in Spanish could have a phonetic basis.

Keywords: sibilant devoicing; sound change; historical phonology; Spanish diachrony; Catalan sibilants

1. Introduction

The reorganization of the sibilant system in Early Modern Spanish has received a great
deal of attention, since it implied decisive changes in Spanish consonantism. As known, the
“sibilant turmoil” (the term used by Kiddle 1977) involved different phonological processes
which are assumed to have concluded in the 17th century. These complex processes
comprise deaffrication, devoicing and changes in the point of articulation of part of the
ancient sibilants, a series of changes that can be subsumed in the loss of half of the segments
which constituted the original set. The present study, which is a first approach to the topic,
does not aim to cover the whole evolution, but only the phenomenon of devoicing. The
devoicing process of Medieval Spanish sibilants has been widely accounted for in terms
of teleological sound change;1 however, some scholars have pointed to the possibility of
a phonetic-based sound change as described in Ohala (1981, 2012), Pierrehumbert (2001,
2002) and even Blevins (2004). Pensado (1993) and Widdison (1995, 1997) are also relevant
examples. This paper is intended to examine their view in greater depth and to give new
insights into the initiation of this sound change from an experimental perspective.

1.1. Historical Evolution

Medieval Spanish presented three pairs of sibilant consonants: dentoalveolar affricates
/t>s, d>z/, alveolar fricatives /s, z/ and postalveolar fricatives /S, Z/, plus a palatal voiceless
affricate /t

>
S/.2 The voiced counterparts arose from a voicing process in Late Latin in

intervocalic context (Lapesa 1981, p. 124; Lloyd 1993, pp. 238–40, 389, 423; Cano 2004,
pp. 834–35). Devoicing would have taken place in the 15th to 16th centuries (Alonso
1967, p. 312; Lapesa 1981, p. 283; Eddington 1987, p. 59; Lloyd 1993, pp. 427–28; Cano
2004, pp. 833–34; Ariza 2012, pp. 222–23; Penny 2014, pp. 121–22). However, there is
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some evidence that the confusion initiated much earlier, in the 13th (Sánchez Prieto 2004,
p. 442, regarding the dentoalveolar pair) or 14th centuries (Penny 2004, pp. 603–4); in fact,
Quilis (2005, pp. 270–71) points to an ancient phenomenon. In any case, orthographic
errors in Medieval texts point to a primary confusion between the result of dentoalveolar
deaffrication (/t>s, d>z/>/s”, z”/), which would have induced devoicing in the fricative pairs
(Eddington 1987, p. 58; Lapesa 1981, p. 283; Quilis 2005, pp. 168–69; Ariza 2012, p. 224).3

As we have said, voiced–voiceless pairs were only contrastive in medial intervocalic
position, while only voiceless sibilants were possible in word-initial and coda positions,
except for the postalveolar pair (/S, Z/), which also contrasted in word-initial position.
Some researchers suggest an intermediate stage in which word-final sibilants in prevocalic
context would also have been voiced before devoicing was completed (Penny 1993, p. 80;4

Bradley and Delforge 2006, pp. 22–23), as occurs in other Romance varieties, such as Catalan
or Italian dialects. Even some modern varieties of Spanish, such as highland Ecuadorian
Spanish, display this behaviour (see Lipski 1989 for a detailed description).

The devoicing process has been considered a rare evolution within the Western Ro-
mance varieties by some scholars (Alarcos 1988, pp. 51–52; Lloyd 1993, p. 428), since in
such a context voicing would be expected (Lahoz 2015; Davidson 2016, p. 37) and it is this
atypical evolution that has sparked interest in the topic. The literature has put forward
different explanations for it, which range from language contact to aerodynamic reasons.
The most traditional accounts attribute devoicing to (a) the influence of Basque, which
lacked voiced sibilants (Martinet 1951–1952; Lloyd 1993, pp. 429–37), (b) a readjustment of
the system to improve its efficiency, since voiced–voiceless oppositions were not productive
enough (Alarcos 1988, pp. 51–53; Penny 1993, pp. 81–82; Ariza 2012, p. 224) or (c) a
readjustment of the system aiming at a more perfect symmetry, since /t

>
S/ did not have a

voiced counterpart (Contini 1951, pp. 179–80). Pensado (1993) deals with these approaches
and her conclusion is that neither language contact nor structural accounts seem to be
completely satisfactory. Moreover, she argues that they are unnecessary since internal
phonetic factors can justify the change. Pensado shows that sibilant devoicing is not unique
to Spanish (cf. Żygis et al. 2012 for a detailed explanation of the infrequency of voiced
sibilants in the world’s languages) and that, in the world’s languages, this process usually
begins with a specific pair, usually palatal or dentoalveolar affricates. Affricates tend to
devoice before fricatives, and palatals do so before than alveolars. However, Pensado (1993)
was not the first to point to phonetic causes. Alonso (1967, p. 313) also referred to the
intrinsic properties of sibilants. The important issue here is that voiced sibilants need to
ensure simultaneous vocal-fold vibration and turbulence, which is not a simple task, due
to the required aerodynamic conditions (broadly speaking, intraoral pressure must be less
than subglottal pressure but higher than exterior pressure to maintain both mechanisms,
cf. Pensado 1993, pp. 214–16; Solé 2003; Ohala and Solé 2010, pp. 39–41; Żygis et al. 2012,
pp. 310–12).

It is worth noting that a parallel devoicing phenomenon is nowadays occurring in
certain varieties of Spanish regarding a particular evolution of yeísmo (the merger process
of /L/ and /j/ in favour of the latter): in Rioplatense Spanish (mainly Buenos Aires area
in Argentina and Montevideo in Uruguay), /Z/ resulting from the neutralization is being
devoiced in a way similar to Early Modern Spanish. According to the literature (Fontanella
de Weinberg 1987, pp. 146–50; 2000), this sound change presents the characteristics of
a change from below, since it originated in middle classes and among young speakers.
At present, it displays different rates of implementation. In Buenos Aires it seems to be
completed among younger speakers in middle classes, and it is likely to be almost completed
in younger speakers of the upper classes (Rohena-Madrazo 2013, 2015). However, Montevideo
has not reached the same level of extension yet (Michnowicz and Planchón 2020).

1.2. Obstruent Devoicing Process

One of the main objections by Pensado (1993) to the classical analysis is that she rejects
the idea of devoicing as an atypical evolution for sibilants. Obstruent devoicing has been
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widely attested, described and explained not only in coda position but also in word-initial
context (Lavoie 2001, pp. 27, 43; Wetzels and Mascaró 2001; Blevins 2004, pp. 103–6, 110–11;
Lahoz 2015, pp. 142, 169–71).5 When examining the inventories of obstruent elements in the
world’s languages, the general impression is that voiced segments are not common (Smith
1997, p. 473; Ohala and Solé 2010, p. 53; Żygis et al. 2012). Indeed, since the aerodynamic
requirements for producing them are more complex, contrasts may be lost by means of
various phonological processes whose result is a reduction in the number of voiced units
(Ohala and Solé 2010, pp. 53–54; Żygis et al. 2012, pp. 308–9, 313; Hualde and Prieto 2014,
p. 111). These mechanisms include changes to a voiced fricative (in the case of affricates) or
a glide, defrication, vocalization, and, of course, devoicing.

Take special note that devoicing affects sibilants differently depending on their context.
Haggard (1978) shows that fricatives are more likely to devoice when followed by a
voiceless stop or even a voiced stop than in intervocalic position; and word-final position
also seems to favour devoicing. Smith (1997), in her survey on /z/ devoicing in American
English, corroborates this. Her data show that /z/ can devoice in any position, but the
extent and the likelihood of the process vary depending on the neighbouring sounds and
prosodic structure: a following voiceless sound and a final position in the prosodic domain
increase the likelihood of devoicing. These findings are coherent with the general picture
on obstruent devoicing presented above.

At this point, we must introduce some remarks on what devoicing implies from a
phonetic point of view. Obviously, devoicing entails a reduction in vocal-fold activity,6

but it also involves other relevant parameters. Experiments in production and perception
point to intensity, degree of glottal tone, F1 transitions and, specifically, duration (Widdison
1995, pp. 38–39; Smith 1997, p. 473; Lavoie 2001, p. 107; Bradley and Delforge 2006, p. 31):
voiceless sibilants are usually longer and more intense, with short F1 transitions and no
glottal vibration (or, at least, not constant glottal vibration). In fact, there is evidence that
vocal fold vibration is not constant for the whole duration of voiced sibilants (Haggard
1978; Pensado 1993, p. 216; Widdison 1995, p. 38; Smith 1997, p. 260; Ohala and Solé 2010,
pp. 71–73; Davidson 2016). Smith (1997) observes that a large proportion of /z/ utterances
in her experiment were partially devoiced (she considers as partially devoiced all cases in
which voicing covers a range from 25% to 90% of the sound). Similar results are found in
Van de Velde and van Hout (2001), who examined the devoicing of /v, z, g/ in two varieties
of Dutch.

However, in spite of partial devoicing, listeners are able to parse the stimuli with a
voiced phonological category (Widdison 1995, 1997, p. 260; Lavoie 2001, p. 107), since
they may ignore this cue and rely on other indicators to repair the ambiguity (Ohala
1981, 2012). After examining Polish and German sibilants, Żygis et al. (2012, pp. 323–24)
show that the voicing contrast, both in word-initial and medial positions, relies mostly on
durational parameters and the measurement of intraoral pressure. Voiced sibilants display
a significantly shorter duration and lower intraoral pressure peaks. Their findings are in
line with the literature, which coincides in focusing on duration as a highly reliable cue for
detecting devoicing (Haggard 1978, p. 101; Lavoie 2001, p. 107).

This phonetic description of the phenomenon needs a final comment. Two important
ideas arise from the previous explanation: (a) there is variation in the production of voiced
sibilants (Widdison 1995; Smith 1997; Van de Velde and van Hout 2001; Benet et al. 2012),
and (b) the listener has a key role in the interpretation of the signal, since he/she will decide
which phoneme to interpret in the phonological parsing stage. These elements are the
ingredients that pave the way for language change.

1.3. On Sound Change

As known, speech production entails phonetic variation, at least to a certain extent.
Allophony can be conditioned by a number of factors, including speaking style, phono-
logical context and prosodic conditions, as well as the need to guarantee communicative
success by ensuring the intelligibility of the signal (Lindblom 1990; Blevins 2004; Ohala
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1981, 2012). Phonetic variation, however, needs to be correctly parsed with the appropri-
ate phonological category. Utterances more similar to the canonical form for a category
do not represent a problem for their recognition and interpretation as members of that
category, but exemplars which differ from this prototype and are more peripheral in its
acoustic-auditory space may be ambiguous. They may even fall in the intersection of the
cloud of exemplars of neighbouring phonological categories. In these cases, reanalysis
and recategorization may take place. In other words, when the listener reinterprets the
non-canonical input as a different category, a sound change can be initiated (Pierrehumbert
2001, 2002; Blevins 2004; Ohala 1981, 2012).

There are some extra factors that can favour the change. One of them is the frequency
of usage: when peripheral exemplars become more frequent, they may gradually be
identified as variants central to their category and bring about a displacement from central
values in the cloud of exemplars: what was once regarded as canonical will no longer
be considered so (Pierrehumbert 2001). This preference for peripheral variants can be
related to the functional load of phonological contrasts: in the case of oppositions yielding
a high functional load, it is important to preserve the difference between the phonological
categories in order to assure communicative success. This implies the selection of phonetic
variants that display greater distinction between the members of the phonological pair,
speakers therefore preferring allophones with more exaggerated phonetic cues to avoid
misparsing. However, in cases where the functional load is low (i.e., when the opposition
is not productive), the maximization of contrast is not that important and peripheral forms
can be selected without endangering communication (Wedel et al. 2013, p. 184). This could
have been the initial step in voicing neutralization in Early Modern Spanish sibilants.

Another interesting aspect of sound change which has been discussed in devoicing
cases is whether it corresponds to a lenition or a fortition process. Although it has usually
been associated with strengthening mechanisms (Alarcos 1988, pp. 51–52; Lavoie 2001,
pp. 27, 43; Blevins 2004, pp. 110–11; Lahoz 2015; Bybee and Easterday 2019, p. 270), its
adscription is not always clear. Bybee and Easterday (2019, p. 271) define lenition and
fortition in articulatory terms, as a reduction or increase in the magnitude and duration
of articulatory movements. As mentioned before, Lavoie (2001, pp. 27, 43) generally
considers devoicing phenomena as fortition processes, though she admits it may be a
way to simplify production in certain contexts (Lavoie 2001, p. 107), in agreement with
Smith (1997, pp. 494–96). Indeed, when occurring in weak prosodic positions (such as
word-final or sentence-final positions), devoicing entails gesture magnitude decrease. This
is also the case with neighbouring voiceless sounds. In the former case, the ultimate
cause is the reduction in the transglottal air flow, which permits friction but prevents
vocal-fold vibration; in the latter, less glottal adduction (a more open glottis) is responsible
for unvoicing.

Intervocalic unstressed contexts have been associated with hypoarticulation conditions
and, therefore, with weakening processes (Lindblom 1990, pp. 404–5; Lavoie 2001, p. 168;
Bybee and Easterday 2019, p. 288). Nevertheless, in such contexts voicing is deemed to
be the normal lenition phenomenon instead of devoicing, which has been regarded as a
case of strengthening (Alarcos 1988, pp. 51–52; Jiménez and Lloret 2014). Even Haggard
(1978, p. 100) or Davidson (2016, p. 40) show that fully voicing in obstruents is attested after
stressed vowels, while devoicing cases are more common when the obstruent precedes a
stressed vowel. However, if the explanations provided by Smith (1997) and Lavoie (2001)
are right, sibilant devoicing in Spanish would satisfy the requirements of lenition, since
it involves a reduction in the magnitude of gestures. This would provide the basis to
challenge the traditional account of this historical change.

1.4. Scope and Hypotheses

In order to verify whether these phonetically based explanations account for historical
sibilant devoicing, we assume that synchronic variation is related to or parallels diachronic
sound change (Ohala 2003, p. 672; Blevins 2004 or Harrington 2012, p. 322), so that the
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instrumental study of speech can be profitably used for a better understanding of linguistic
changes. The main problem in this perspective is how to deal with phonological systems
which have disappeared through language evolution. This seems to be the case for Spanish
sibilants, at least if we focus on standard Spanish. Blevins (2004) argues that comparative
grammar, dialectology or even the study of language acquisition are useful in these cases:
diachronic studies should essentially be multidisciplinary.

Widdison (1995) is an example of this. In this research the author checks the perceptive
aspects of the sibilant devoicing process under examination here by manipulating the
duration and intensity cues of [S] and [s] in two experiments, one with stimuli from
Argentinian Spanish and the other from Mexican Spanish. However, the participants in
these perception tasks were all Spanish speakers, whose system lacked the phonological
contrast between voiced and voiceless categories.7 To avoid this problem, we decided to
focus on comparative grammar instead of dialectology, since the literature points out the
similarity between the Medieval Spanish sibilant system and the current Catalan sibilants
(Penny 1993; Bradley and Delforge 2006; Jiménez and Lloret 2014).

Standard Catalan displays four pairs of sibilant consonants: two fricative pairs (alve-
olar/s, z/and alveopalatal/S, Z/) and two affricate pairs (dentoalveolar/t>s, d>z/8 and
palatal/t

>
S, d>Z/) which contrast in word-initial and medial onset position.9 They present

dialectal variation at the phonetic level. Importantly for the current study, devoicing phe-
nomena have also been detected, basically affecting affricates (in Central Valencian Catalan
and in the Southern Catalonia variety) but also fricatives (Veny 1998, pp. 31, 64; Wheeler
2005, pp. 11–22; Recasens 2014, pp. 239–45, 251–53, 263–64; see also Hualde and Prieto
2014, p. 111; Hualde et al. 2015, p. 246).10 To achieve a better fit to the characteristics of
Medieval Spanish and avoid dialect effects regarding devoicing, this work will draw its
attention to Central Catalan from Girona and Majorcan Catalan.

In short, the core purpose of this paper is to examine in greater depth the hypothesis
in Pensado (1993) and Widdison (1995, 1997), who stated that sibilant devoicing in Early
Modern Spanish can be accounted for in terms of phonetic aspects of speech. As commented
on before, we applied an experimental approach to a close Ibero-Romance language,
Catalan, to cover the two parts of the process: production and perception. Two different
experiments are thus proposed. The first one is an acoustic study that will allow us to
describe the relevant features regarding voicing of each voiced–voiceless contrastive pair.
In this sense, it will be necessary to determine if sibilant production is homogeneous or if
there is variation (Haggard 1978). The second experiment is an identification task designed
to test the parsing of different stimuli (voiced, partly devoiced or voiceless) to voiced
or voiceless categories. This will allow us to check whether devoicing can be detected
perceptually and, if so, to what extent this occurs in each of the contrasting sibilant pairs.

According to the literature, we expect sibilant production to display variation, so that
sibilant allophones will present different degrees of voicing, which will be measurable by
means of duration, intensity and vocal-fold activity. In this sense, shorter duration, lower
intensity and a higher degree of vocal-fold vibration should point to voiced segments;
while the contrary should signal devoicing, which is expected to be highly variable. These
acoustic parameters are thus assumed to be correlated. Not all sibilants will show identical
tendencies: most probably, affricates will be more prone to lenition processes leading to
devoicing than fricatives, and palatals more than alveolars.

At the perception level, listeners will be able to detect the aforementioned acoustic
cues, so that phonologically voiced segments will be identified as voiceless if their phonetic
features differ from the prototypical characteristics of fully voiced sounds. As a result,
the diachronic change could be deemed to have a phonetic basis, like most regular sound
changes.
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2. The Acoustic Approach
2.1. Method

The acoustic experiment investigates the characteristics regarding voicing of the
sibilants /s, z/, /S, Z/, /t>s, d>z/ and/t

>
S, d>Z/ in Central and Majorcan Catalan. Since

Catalan displays four pairs of sibilants, we decided to examine all of them, especially
if we remember that Spanish also has the voiceless palatal affricate and that its voiced
counterpart also existed in Medieval Spanish, even though it had no phonological status.
Another reason to include the palatal affricate pair is the claim that affricates and palatals
undergo devoicing earlier than other sibilants (Pensado 1993, pp. 209–10). The other central
aim of the experiment is to determine whether devoicing is possible in the same position as
in Early Modern Spanish, i.e., in medial intervocalic context. Thus, only this position has
been taken into consideration, except for /t>s/: as commented before, this consonant is very
rare in this position (see note 8), so the utterances with this segment were intervocalic but
in word-initial position with no speech interruption or pause between the preceding vowel
and the sibilant. On the other hand, in order to avoid vowel effects on the consonant which
could skew the results, the vowels surrounding the sibilants were restricted to the central
ones (/a/ and /@/).

Stress could also have been considered as a factor in the corpus configuration, since
unstressed position has been claimed to favour lenition (Lavoie 2001, p. 168; Bybee and
Easterday 2019, p. 288). In fact, as Davidson (2016, p. 36) comments, lexical stress seems to
play a role in voicing implementation (see also Haggard 1978, p. 96). However, we finally
rejected stress as a factor because it was not clearly relevant in Smith (1997, p. 490) and not
relevant at all in a first statistical approach to our data.11

Language change occurs in casual speech. However, using a spontaneous speech
corpus would have implied major difficulties in controlling the experimental variables. For
this reason and taking into account that this is a first approach to the topic, a reading task
was preferred. The selected speakers had to read aloud twice 23 short sentences (8 of them
distractors), which contained words including the eight Catalan sibilants. Some examples
are given in the sentences below and the whole list is offered in Appendix A.

a. La tieta es va casar amb un senyor de Capdepera.

[‘Auntie married a man from Capdepera’]

b. Li agradava moltíssim anar a la platja el mes de setembre.

[‘He/She adored going to the beach in September’]

A total of 16 female speakers aged between 22 and 68 were recruited for this task. All
of them had university education and none reported speech production problems. Ten of
them were from Girona (Northern Catalonia), so they were Central Catalan speakers, while
the other six were Majorcan (thus Majorcan Catalan speakers). It was considered interesting
for the purpose of the research to examine whether there were differences in the production
of sibilants depending on the dialect. Neither Central Catalan in Girona nor Majorcan
Catalan displayed devoicing phenomena, but Majorcan Catalan tends to strengthen sibilant
fricatives to affricates in medial position (Bibiloni 2016, pp. 127–28), which implies an
increase in duration. Since duration is one of the relevant cues in devoicing, it will be
pertinent to check whether this tendency can involve a greater degree of devoicing in
Majorcan speakers.

It is important to note that all speakers identified Catalan as their L1, and declared
that they were dominant in this language, with no influence of Spanish pronunciation. To
confirm this, they had to answer the Bilingual Language Profile questionnaire (BLP, Birdsong
et al. 2012), which includes aspects related to linguistic background, usage of languages,
competence and linguistic attitudes of the participants. Final scores between −110 and 110
indicate that the participants are balanced bilinguals; negative results point to a preference
for Spanish and positive results imply a bias in favour of Catalan. As can be observed in
Table 1, the mean score was 86.309 for Girona speakers and 40.980 for Majorcan ones: all of
them were balanced bilinguals and, crucially, they were all clear Catalan dominants, though
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the bias in favour of Catalan is significantly stronger for Girona speakers (t (12) = −2.347,
p < 0.37).

Table 1. Mean scores in the BLP questionnaire for Girona speakers and Majorcan speakers. Results
from each section and final scores are shown.

BLP Section Girona Speakers Majorca Speakers

II. Linguistic History 17.659 12.938
III. Linguistic Use 47.088 21.232

IV. Linguistic Competence 3.629 5.107
V. Linguistic Attitudes 17.933 1.702

Total score 86.309 40.980

Recordings were made in a quiet echo-free office in the Spanish Philology Department
of the University of the Balearic Islands in the case of Majorcan Catalan speakers, and
in a silent echo-free room adapted for the purposes of this research in a private home
in Girona in the case of Central Catalan speakers. In both cases, a Samson C01U Pro
microphone (Samson Technologies, Hicksville, NY, USA) connected to an Acer laptop
(Acer Inc., Taipei, Taiwan) was used. The microphone was placed approximately 20–25
cm from the speakers, on the same table they were seated at. The recording software
was Praat (v. 6.0.40, Boersma and Weenink 2018), with a sampling frequency of 44,100 Hz.
Spectrograms and oscillograms were analysed using the same software. Segmentation of
the sibilant sounds was done manually. The sibilant intervals started at the point where
friction began and finished where periodicity from the following vowel initiated in the
oscillogram in the case of fricatives; for affricates, the occlusive phase was also included in
the interval, since the total duration of the segment is one of the properties examined here.

We set three acoustic parameters as dependent variables: consonant duration, the
intensity of the consonant, and the fraction of unvoiced frames in the sibilant. As mentioned
before, duration is one of the more consistent cues of voicing, as well as its intensity and
vocal-fold vibration (Haggard 1978; Pensado 1993; Widdison 1995). Regarding the latter,
since this is an acoustic experiment, we decided to use the Voice Report function in Praat,
which, among other things, measures the part of a period in which glottal pulses cannot be
detected, thus offering the portion of the sound selection which is considered unvoiced.
These measurements are deemed reliable for detecting the degree of voicing, according
to Eager (2015) and Davidson (2016). To extract all these parameters, we adapted a pre-
existing Praat script (Elvira-García 2013), following the specifications in Eager (2015, p. 3)
concerning the pitch threshold in women’s speech (100–300 Hz) and time step (0.001 s).
In order to offer a qualitative description of the possible phonetic variants, the degree
of voicing is also considered a dependent variable. This variable has been set according
to Smith (1997, p. 478), allophones being considered as fully voiced when the devoicing
portion did not exceed 10% of the sound, partially devoiced when it accounted for 11 to
75% of the sibilant, and fully devoiced (or unvoiced) if it surpassed 75% of the sound.

Voicing value (voiced or voiceless category), dialectal variant of the speakers (Girona
Central Catalan and Majorcan Catalan) and sibilant (every single category by point-manner
of articulation combination) were established as the predictor variables. We included 2
instances in the corpus for each factor, so, as can be seen in Table 2, we analysed 32 sibilants
per speaker (4 dentoalveolars, 4 alveolars, 4 alveopalatals, and 4 palatals which were read
twice), which yields a total of 512 tokens (32 × 16 speakers).
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Table 2. Number of cases in the corpus for each sibilant, and number of utterances read by each speaker.

Sibilant Type Girona Central Catalan Majorcan Catalan

Alveolar sibilants
voiceless [s] 2 2
voiced [z] 2 2

Alveopalatal sibilants voiceless [S] 2 2
voiced [Z] 2 2

Dentoalveolar
sibilants

voiceless [t>s] 2 2
voiced [d>z] 2 2

Palatal sibilants
voiceless [t

>
S] 2 2

voiced [d>Z] 2 2

Total per speaker: 16 × 2 = 32

Generalized linear mixed-effects statistical analyses were performed for each depen-
dent variable using the IBM SPSS software package (v. 25.0, IBM Corporation, Armonk,
NY, USA), with main effects (dialect and voicing) and interactions (dialect × voicing) for
each pair of sibilants. Speaker and word were entered as random effects. In addition,
a multinomial mixed-effects logistic regression was carried out for degree of voicing with
sibilant and dialect as main effects, and interactions between sibilant and dialect. Random
effects were also speaker and word. In all cases, the significance level was set at 0.05.

2.2. Results

This section shows the results obtained. First, data concerning every pair of sibilants
will be given first, with respect to fricatives (Section 2.2.1) and then regarding affricates
(Section 2.2.2), which will allow a description of the voicing implementations in each
member of the pair. Second, comparative results across the whole set of sibilants will be
commented on (Section 2.2.3). The statistical results are presented in Table 3 and will be
explained in detail in the following subsections.

2.2.1. Fricative Sibilants

Results from fricative sibilants will be addressed first. Descriptive data concerning
duration, intensity and fraction of unvoiced frames are presented in Table 4. Overall,
voiceless fricatives have a longer duration, greater intensity and a higher proportion of
unvoiced frames than their voiced counterparts. This general tendency is observed in both
dialects examined. It is interesting to note that the results for voiced fricatives display more
variability than those for voiceless fricatives, particularly in the fraction of unvoiced frames,
but also in duration in the case of [Z], which is the most variable segment in this aspect.
This suggests more heterogeneous realizations regarding these parameters. [z] shows more
variation in the unvoiced frames portion not only globally, but also if inspected by dialect.

Inspection of the alveolar pair reveals that duration and fraction of unvoiced frames
depend on the voicing value (F(1, 2) = 89.459, p < 0.009 and F(1, 2) = 181.648, p < 0.003). [s] is
significantly longer (36.03 ms. on average; b0 = 48.143, se = 4.255, t = 11.316, p < 0.001) and
has a higher portion of unvoiced frames (54.71% more; b0 = 63.717, se = 4.904, t = 12.993,
p < 0.0001) than [z]. There are no significant differences between these consonants con-
cerning intensity. However, dialect does condition intensity (F(1, 14) = 5.294, p < 0.037):
in Majorcan Catalan, alveolar sibilants display lower intensity (b0 = −5.742, se = 2.218,
t = −2.589, p = 0.019) than in Girona Central Catalan. Neither word nor speaker show an ef-
fect on the results, except for intensity as a main effect (se = 6.431, Z = 2.421, p < 0.015). When
we examine the interaction between voicing value and dialect, we obtain important infor-
mation: it is statistically relevant when it comes to duration (F(1, 108) = 20.445, p < 0.0001)
and the fraction of unvoiced frames (F(1, 108) = 5.352, p < 0.023). In Majorcan Catalan, [s] is
significantly shorter than in Girona Central Catalan (21.24 ms less; b0 = −24.211, se = 5.354,
t = −4.522, p < 0.0001) and it also displays a lower proportion of unvoiced frames (7.8%
less; b0 = −17.997, se = 7.779, t = −2.313, p < 0.023). Furthermore, Majorcan Catalan [z]
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has a significantly higher proportion of unvoiced frames (10.19% more) and less intensity
(5.74 dB less) than Girona Central Catalan [z].

Table 3. Generalized mixed-effects linear model results for each sibilant pair and in cross-category
comparation. Significant results are in bold.

Variables
Type of Sibilant Pair

Alveolar Alveopalatal Dentoalveolar Palatal

Voicing

Duration F(1, 2) = 89.459, p = 0.009 F(1, 2) = 6.922, p = 0.114 F(1, 110) = 14.973,
p < 0.0001 F(1, 2) = 17.292, p = 0.051

Intensity F(1, 2) = 4.092, p = 0.179 F(1, 2) = 2.400, p = 0.252 F(1, 2) = 1.738, p = 0.312 F(1, 110) = 26.626,
p < 0.0001

Fraction of unvoiced
frames F(1, 2) = 181.648, p < 0.003 F(1, 109) = 386.661,

p < 0.0001 F(1, 2) = 32.797, p < 0.023 F(1, 2) = 88.786, p < 0.009

Dialect

Duration F(1, 14) = 3.249, p = 0.093 F(1, 14) = 1.168, p = 0.298 F(1, 14) = 1.536, p = 0.236 F(1, 14) = 1.599, p = 0.227

Intensity F(1, 14) = 5.294, p < 0.037 F(1, 14) = 3.681, p = 0.076 F(1, 14) = 1.395, p = 0.257 F(1, 14) = 4.172, p = 0.060

Fraction of unvoiced
frames F(1, 14) = 0.026, p = 0.873 F(1, 14) = 8.152, p < 0.013 F(1, 14) = 0.098, p = 0.759 F(1, 14) = 13.440, p < 0.003

Voicing ×
dialect

Duration F(1, 108) = 20.445,
p < 0.0001 F(1, 107) = 4.316, p < 0.040 F(1, 110) = 0.113, p = 0.737 F(1, 108) = 8.555, p < 0.004

Intensity F(1, 108) = 1.849, p = 0.177 F(1, 107) = 0.387, p = 0.535 F(1, 108) = 0.443, p = 0.507 F(1, 110) = 37.320,
p < 0.0001

Fraction of unvoiced
frames F(1, 108) = 5.352, p < 0.023 F(1, 109) = 7.191, p < 0.008 F(1, 108) = 1.961, p = 0.164 F(1, 108) = 8.464, p < 0.004

Global cross-category comparison

Phoneme

Duration F(7, 9) = 51.970, p < 0.0001

Fraction of unvoiced
frames F(7, 9) = 82.209, p < 0.0001

Dialect

Duration F(1, 14) = 3.440, p = 0.085

Fraction of unvoiced
frames F(1, 14) = 2.072, p = 0.172

Phoneme ×
dialect

Duration F(7, 473) = 2.771, p < 0.008

Fraction of unvoiced
frames F(7, 473) = 6.640, p < 0.0001

Table 4. Mean value and standard deviation for the dependent variables. Duration values are offered
in milliseconds, intensity in decibels, and the fraction of unvoiced frames is presented as a percentage
of the sound’s duration.

Variables
[s] [z] [S] [Z]

–
x sd –

x sd –
x sd –

x sd

Global
values

Duration 104.59 19.13 65.52 17.25 110.74 17.37 92.19 26.89

intensity 45.07 5.57 41.67 5.82 43.62 5.89 42.36 5.57

Fraction of unvoiced frames 81.50 11.68 24.53 32.50 73.87 15.42 21.79 24.60

Majorcan
Catalan

Duration 91.31 17.31 67.38 16.31 101.62 15.78 92.36 23.93

intensity 42.54 6.18 38.08 6.46 40.58 6.01 39.69 6.03

Fraction of unvoiced frames 76.62 12.18 30.90 35.20 67.13 15.50 5.76 8.41

Girona
Central
Catalan

Duration 112.55 15.51 64.41 17.90 116.22 16.08 92.02 28.75

intensity 46.60 4.61 43.82 4.17 45.45 5.06 43.90 4.71

Fraction of unvoiced frames 84.43 10.47 20.71 30.58 77.91 14.05 31.01 26.15

Alveopalatals only display significant differences between voiced and voiceless cate-
gory in the fraction of unvoiced frames (F(1, 109) = 386.661, p < 0.0001), which is statistically
higher in [S] (54.30% more; b0 = 46.091, se = 3.358, t = 13.969, p < 0.0001) than in [Z]. Dialect
also affects this parameter (F(1, 14) = 8.152, p < 0.013): Majorcan Catalan alveopalatals
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display a lower proportion of unvoiced frames (18.18% less; b0 = −25.587, se = 9.957,
t = −3.678, p < 0.002) than Girona Central Catalan alveopalatals. No significant results
were detected in duration or intensity values. The speaker affects the model regarding
both intensity and fraction of unvoiced frames. There are significant interactions between
voicing value and dialect concerning duration (F(1, 107) = 4.316, p < 0.040), apart from
fraction of unvoiced frames (F(1, 109) = 7.191, p < 0.008). [S] is significantly shorter (14.60 ms
less; b0 = −14.643, se = 7.048, t = −2.078, p < 0.040) and has a lower proportion of unvoiced
frames (25.58% less; b0 = 14.812, se = 5.524, t = 2.682, p < 0.008) in Majorcan Catalan. This
seems to point to a more voiced realization compared to [S] in Girona Central Catalan and,
thus, less clear-cut differences between the two alveopalatal phonemes in Majorcan Catalan.

2.2.2. Affricate Sibilants

Descriptive data for affricates are shown in Table 5. As in fricatives, voiceless affricates
display longer duration and a higher proportion of unvoiced frames, though when it comes
to intensity, dentoalveolars and palatals do not seem to fit: the former have the same
behaviour as fricatives ([t>s] is more intense), but palatals do not, since the voiced segment
shows more intensity than the voiceless one. This deviation is due to the results in Majorcan
Catalan, a dialect in which [d>Z] has more intensity than [t

>
S]. It is important to highlight

some interesting information obtained from standard deviation values. In general, unlike
fricative sibilants, voiced categories do not present more variability. In this case, [t>s] is the
most heterogeneous segment in almost every parameter, not only if we consider the whole
sample, but also if we take into account the dialect factor. However, we can see that while
there is great variability regarding fraction of unvoiced frames in Majorcan Catalan, there is
great homogeneity in Girona Central Catalan. Possibly, the word position in this category
is playing a role in its results, since it is the only case in word-initial intervocalic context, as
we explained before.

Table 5. Mean value and standard deviation for the dependent variables. Duration values are offered
in milliseconds, intensity in decibels, and fraction of unvoiced frames is presented as a percentage of
the sound’s duration.

Variables
[t>s] [d>z] [t

>
S] [d>Z]

–
x sd –

x sd –
x sd –

x sd

Global
values

Duration 149.87 38.91 130.05 25.01 147.98 21.99 117.90 24.78

intensity 38.31 10.27 35.98 6.01 31.09 7.94 34.92 7.71

Fraction of unvoiced frames 66.95 25.79 38.73 23.26 64.14 14.89 30.85 21.47

Majorcan
Catalan

Duration 140.64 33.87 122.94 27.45 148.57 23.73 105.96 24.34

intensity 36.79 10.21 33.41 4.19 24.16 5.00 36.04 7.72

Fraction of unvoiced frames 66.24 32.05 43.40 29.60 59.74 17.77 16.17 19.74

Girona
Central
Catalan

Duration 155.40 41.06 134.33 22.72 147.63 21.19 125.07 22.40

intensity 39.22 10.32 37.52 6.44 35.25 6.31 34.25 7.73

Fraction of unvoiced frames 67.38 3.42 35.92 18.33 66.78 12.35 39.65 17.40

The results for dentoalveolar affricates indicate that friction duration and the fraction
of unvoiced frames are affected by the voicing quality of the consonant (F(1, 110) = 14.973,
p < 0.0001 and F(1, 2) = 32.797, p < 0.023): [t>s] is significantly longer (19.39 ms.; b0 = 21.078,
se = 6.137, t = 3.434, p < 0.001) and displays a higher proportion of unvoiced frames (27.14%
more; b0 = 31.466, se = 5.034, t = 6.251, p < 0.007) than [d>z]. Intensity does not significantly
change. Dialect does not affect the voicing cues and no interaction has been detected.
However, the speaker affects both duration (se = 158.352, Z = 2.043, p < 0.041) and the
fraction of unvoiced frames (se = 145.542, Z = 2.399, p < 0.016).
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Neither voicing nor dialect, as main effects, condition the duration of palatal sibilants.
However, the voicing value affects both intensity (F(1, 110) = 26.626, p < 0.0001) and fraction
of unvoiced frames (F(1, 2) = 88.786, p < 0.009). [d>Z] displays more intensity (5.43 dB more;
b0 = 34.250, se = 1.535, t = 22.312, p < 0.0001) and a lower proportion of unvoiced frames
(35.34% less; b0 = 39.658, se = 3.541, t = 11.199, p < 0.0001) than [t

>
S]. Dialect also has an effect

on this last parameter (F(1, 14) = 13.440, p < 0.003): overall, Majorcan Catalan palatal sibi-
lants show a significantly lower percentage of unvoiced frames (15.26% less; b0 = −23.484,
se = 5.032, t = −4.667, p < 0.0001). The speaker influences duration (se = 73.39, Z = 2.036,
p < 0.042) and intensity (se = 7.354, Z = 2.072, p < 0.038). Interactions between the two
factors have been detected for all the dependent variables: duration (F(1, 108) = 8.555,
p < 0.004), intensity (F(1, 110) = 37.320, p < 0.0001) and fraction of unvoiced frames
(F(1, 108) = 8.464, p < 0.004). In Majorcan Catalan, [t

>
S] is less intense (11.08 dB less;

b0 = −12.875, se = 2.108, t = −6.109, p < 0.0001) and displays a lower proportion of
unvoiced frames (7.04% less; b0 = 16.438, se = 5.650, t = 2.909, p < 0.004), while Majorcan
[d>Z] is shorter (19.11 ms. less, sd = 7.960, t = −2.401, p < 0.026) and shows a lower fraction
of unvoiced frames (23.48% less, sd = 5.032, t = −4.667, p < 0.0001) when compared to their
Girona Central Catalan counterparts. These results suggest that [d>Z] is more clearly voiced
in Majorcan Catalan than in Girona Central Catalan.

As can be observed from the above figures, fraction of unvoiced frames is the only
parameter which is constant in distinguishing between realizations of voiced and voiceless
sibilants. Nevertheless, duration is also involved in many cases, so a certain relationship
between these two parameters might be inferred. To check this impression, we carried out a
generalized mixed-effects linear model for each sibilant pair (duration x fraction of unvoiced
frames, speaker and word as random effects). The results prove a direct relationship
between the two variables in all sibilant pairs,12 except for alveopalatal fricatives (see
Figure 1). In all cases, the speaker is relevant to the statistical model. In view of these
results, from now on we will focus on the fraction of unvoiced frames as a reliable cue to
detect the degree of voicing and, as a subsidiary indicator, duration.
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2.2.3. Cross-Category Comparison

An overall comparison among all the categories has been carried out for both duration
and fraction of unvoiced frames (sibilant and dialect as fixed effects, speaker and word
as random variables). The model reveals a significant effect of the sibilant on duration
(F(7, 9) = 51.970, p < 0.0001) and on fraction of unvoiced frames (F(7, 9) = 82.209, p < 0.0001).
Dialect does not affect these parameters. In all cases, the speaker conditions the results
(se = 38.033, Z = 2.234, p < 0.025, and se = 36.127, Z = 2.321, p < 0.020). Interaction of the
two factors has been found for the two dependent variables (F(7, 473) = 2.771, p < 0.008,
and F(7, 473) = 6.640, p < 0.0001).

As for the fixed effects, both duration and fraction of unvoiced frames distinguish all
the categories13 except in a few cases. [s] displays similar duration to the fricative sibilants,
[S] is equivalent to [d>Z] and [t>s] is also similar to [t

>
S]. Regarding the fraction of unvoiced

frames, [z] shows no significant difference from [Z] and [d>Z], nor do [s] from [S] and [t>s]
from [S] and [t

>
S]. In the remaining cases, voiceless counterparts have significantly longer

duration and higher rates of unvoiced frames. It is worth noting that, while there is no
overlap between voiced and voiceless segments if we consider fraction of unvoiced frames,
there is a degree of overlap if we use duration as the criterion.

At this point, if Smith’s (1997, p. 478) classification of the degree of voicing is applied,
overlapping seems to be general across categories in the intermediate range (see Table 6,
Figure 2). In fact, almost all the categories present fully voiced utterances, fully devoiced
ones and, more importantly for our purposes, partially devoiced realizations. Only alveolar
fricatives and voiceless alveopalatals tend to be clearly realized at the extremes (fully voiced
or fully devoiced), instances of the other categories being concentrated in an intermediate
range from 11% to 75% of unvoiced frames. This still holds true when examined by dialect,
apart from [S] in Majorcan Catalan.
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Table 6. Number of instances and percentage of occurrence of the three variants determined by Smith
(1997) for each sibilant category.

Degree of Voicing [s] [z] [S] [Z] [t>s] [d>z] [t
>
S] [d>Z]

Voiced 1 (1.6%) 36 (56.3%) 1 (1.6%) 29 (46%) 5 (5%) 12 (18.8%) - 16 (25%)

Partially Devoiced 15 (23.4%) 19 (43.8% 28 (43.8%) 33 (46.9%) 30 (46.9%) 50 (78.1%) 48 (75%) 47 (73.4%)

Unvoiced 48 (75%) 9 (14.1%) 35 (54.7%) 1 (1.6%) 29 (45.3%) 2 (3.1%) 16 (25%) 1 (1.6%)

Majorcan
Catalan

voiced - 11 (45.8%) - 15 (65.2%) 4 (16.7%) 6 (25%) - 12 (50%)

partially devoiced 9 (37.5%) 8 (33.3%) 17 (70.8%) 8 (34.8%) 6 (25%) 16 (66.7%) 18 (75%) 12 (50%)

unvoiced 15 (62.5%) 5 (20.8%) 7 (29.2%) - 14 (58.3%) 2 (8.3%) 6 (25%) -

Girona
Central
Catalan

voiced 1 (2.5%) 25 (62.5%) 1 (2.5%) 14 (35%) 1 (2.5%) 6 (15%) - 4 (10%)

partially devoiced 6 (15%) 11 (27.5%) 11 (27.5%) 25 (62.5%) 24 (60%) 34 (85%) 30 (75%) 35 (87.5%)

unvoiced 33 (82.5%) 4 (10%) 28 (70%) 1 (2.5%) 15 (37.5%) - 10 (25%) 1 (2.5%)

Statistical analysis confirms these observations. The model indicates that the sibilant
category (F(14, 12) = 2.957, p < 0.033) and the interaction between category and dialect
(F(14, 479) = 2.523, p < 0.002) have an effect on the degree of voicing. Fully devoiced variants
are significantly more frequent in [s] (b0 = 5.321, se = 1.603, t = 3.319, p < 0.001), [S] (b0 = 5.078,
se = 1.601, t = 3.171, p < 0.002) and even [t>s] (b0 = 4.244, se = 1.609, t = 3.558, p < 0.002), while
partially devoiced variants are significantly more common in [d>Z] (b0 = 2.222, se = 0.625,
t = 3.319, p < 0.001). On the other hand, partially devoiced cases are significantly less
common than expected in [z] (b0 = −3.091, se = 0.759, t = −4.072, p < 0.001) and, at the limit
of significance, [Z] (b0 = −1.621, se = 0.742, t = −2.184, p < 0.049). As commented, dialect
as a main effect is not relevant, but if we break down the effect, Majorcan Catalan seems
to display fewer partially devoiced realizations than Girona Central Catalan (b0 = −2.225,
se = 0.732, t = −3.038, p < 0.003). However, Majorcan Catalan [z] is more prone to partially
devoiced variants than Girona Central Catalan (b0 = 2.762, se = 0.907, t = 3.047, p < 0.002):
the average of this kind of realizations, in fact, is significantly higher (33.3% vs. 27.5%).
These figures confirm the general data found in the quantitative results.

3. The Perception Experiment
3.1. Method

It has been deemed important to complete this contribution with a preliminary survey
of the perception part of the process. As seen before, most of the literature focuses not only
on the production aspects of devoicing, but also on the auditory aspects, which are thought
to be a key part of the sound change (Pierrehumbert 2001, 2002; Blevins 2004; Bradley
and Delforge 2006; Ohala 1981, 2012; Jiménez and Lloret 2014). The results for production
raise some interesting questions, especially whether the acoustic cues which have proved
successful in the characterization of the degree of voicing (particularly fraction of unvoiced
frames and duration) may have a role in the recognition of sibilants as voiced or voiceless
(Widdison 1995, 1997; Lavoie 2001, p. 107).

With this purpose in mind, we conducted an identification test, whose stimuli were
extracted from the recordings in the acoustic experiment. From the utterances analysed
we selected the intervocalic sequences which displayed the best acoustic quality (with
no background noise, adequate volume and clear acoustic features in the spectrogram).
We preferred to use natural stimuli: apart from segmenting the [V_V] sequences from
the lexical unit they belonged to in order to make word recognition difficult, there was
no other manipulation. Therefore, we chose 8 instances of [s], 10 instances of [z], 8 for
[S], 10 for [Z], 6 for [t>s], 14 for [d>z], 10 for [t

>
S] and 10 for [d>Z], which involved 34 cases of

fricative sibilants and 40 for affricate sibilants, giving a total of 74 different stimuli. Each
stimulus was repeated 3 times and they were presented in random order. Thus, the final
number of items was 222.14 The interstimulus silence was 1.5 s. The test was prepared and
distributed online with the FOLERPA platform (Fernández Rei 2021). It is important to
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remark that cases of [t>s] entailed some problems: as known, the intervocalic sequences
of this sibilant were not in medial position, but in word-initial context. Although in the
acoustic experiment we specified that there was no silence between the first vowel and the
sibilant, auditory analysis often gave the impression of a cut between them. Consequently,
most cases had to be rejected and only 6 utterances could be used.

The participants were 26 Catalan-speakers, 14 from Majorca and 12 from Girona, all
of them university students. As in the acoustic experiment, we checked language dom-
inance with the BLP questionnaire, whose results are shown in Table 7. In both groups,
speakers were Catalan dominants, though there were some important differences by origin
(t (23) = −2.205, p < 0.038): while Majorcan participants were considered balanced bilin-
guals (final score 6.785), Girona participants were not, and displayed a clear bias towards
Catalan (120.987).

Table 7. Mean scores in the BLP questionnaire for Girona and Majorca participants. Results for each
section and final scores are shown.

BLP Section Girona Speakers Majorca Speakers

II. Linguistic History 16.838 3.443
III. Linguistic Use 78.975 3.503

IV. Linguistic Competence 1.650 −6.647
V. Linguistic Attitudes 23.522 6.485

Total score 120.987 6.785

None of the subjects reported any speech or hearing problem and they were not aware
of the purpose of the research. They were told to listen to the stimuli over headphones
in a quiet room at home. Each stimulus was presented twice before the participants
had to provide an answer. The test was a closed-ended questionnaire, so that they had
to choose between two response options (voiced sibilant or voiceless sibilant) from an
orthographic transcription of the stimuli. They could not proceed with the rest of the test
without answering the item. The whole test was organized in 4 item blocks, after which the
participants could rest for a while before continuing with the experiment. It took about
30 min to complete it.

We considered the answer (voiced or voiceless) as the only dependent variable. As
factors, we took into account the sibilant type in the stimuli, the origin of the participants
(Majorca or Girona), and stress (sibilant in a stressed syllable or in an unstressed syllable),
since some scholars have pointed out that it could play a role in the devoicing process
(Haggard 1978, p. 96; Smith 1997, pp. 489–90; Davidson 2016). We also set as predictor vari-
ables the fraction of unvoiced frames and the sibilant duration. As seen, we selected several
instances of each sibilant as stimuli. These cases, apart from being of an adequate acoustic
quality, were chosen according to their portion of unvoiced frames, so that we obtained a
variety of stimuli for each sibilant in a descending or ascending scale at approximately 10%
intervals in their fraction of unvoiced frames (the length of the scale depended on the total
range in each type of sibilant and on the quality of the sequences; in fact, for this reason it
was not always possible to obtain the complete scale). Duration values, on the other hand,
were left as random since the previous experiment proved their direct correlation with the
portion of unvoiced frames.

Mixed-effect binomial logistic regressions were also conducted using IBM SPSS (v. 25.0,
IBM Corporation, Armonk, NY, USA) with main effects (sibilant, origin, stress, fraction of
unvoiced frames and duration) and interactions. Participant and stimulus were entered as
random effects. Significance was set at 0.05.

3.2. Results

Firstly, the results concerning the qualitative factors will be given. As can be observed
in the confusion matrix in Table 8, the global tendency is to correctly label voiced and
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voiceless stimuli as such. However, there are cases of misparsing in all the categories, with
a confusion rate that ranges from 8.3% ([t

>
S] identified as [d>Z]) to 66.9% ([t>s] recognized as

[d>z]). In general, the correct answers are more than 75% of the total except in the cases of [t>s]
and [d>Z], in which participants’ behaviour is quite different (unexpected labelling in most of
the responses, as specified below). When stress is considered, different tendencies may be
noticed (see Table 8 and Figure 3): alveolar fricatives, as well as dentoalveolar affricates and
[d>Z], reach better rates of identification as voiced or voiceless in stressed position; however,
alveopalatal fricatives and [t

>
S] reach better recognition rates in unstressed syllable, though

they are also correctly identified in stressed position.

Table 8. Confusion matrix with the results of the perception test regarding phonological category
and interaction between phonological category and stress. Number of responses for each item and
percentages are shown.

Variables [s] [z] [S] [Z] [t>s] [d>z] [t
>
S] [d>Z]

global
voiced 131 (21%) 483

(77.4%) 75 (12%) 635
(81.4%)

313
(66.9%)

888
(81.3%) 65 (8.3%) 364

(46.7%)

voiceless 493 (79%) 141
(22.6%) 549 (88%) 145

(18.6%)
155

(33.1%)
204

(18.7%)
715

(91.7%)
416

(53.3%)

stressed
voiced 51 (16.3%) 245

(78.5%) 63 (20.2%) 281
(72.1%)

313
(66.9%)

490
(89.7%) 65 (16.7%) 364

(93.3%)

voiceless 261
(83.7%) 67 (21.5%) 249

(79.8%)
109

(27.9%)
155

(33.1%) 56 (10.3%) 325
(83.3%) 26 (6.7%)

unstressed
voiced 80 (25.6%) 238

(76.3%) 12 (3.8%) 354
(90.8%) - 398

(72.9%) - -

voiceless 232
(74.4%) 74 (23.7%) 300

(96.2%) 36 (9.2%) - 148
(27.1%)

390
(100%)

390
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The statistical model (answer × sibilant type × dialect × stress) was significant
(F(22, 5749) = 7.446, p < 0.0001), though only one main effect, sibilant type, was relevant
(F(7, 5749) = 14.732, p < 0.0001). As commented, stimuli corresponding to voiceless cate-
gories are identified significantly less often as voiced than stimuli corresponding to voiced
categories, pointing to a correct identification of the items. The aforementioned exceptions
are relevant: [t>s] displays significantly more voiced labellings than expected (sd = 0.091,
t(5749) = 3.098, p < 0.002), and [d>Z] displays significantly fewer voiced identifications than
expected (sd = 0.094, t(5749) = −4.574, p < 0.0001). In these two cases, the inclination to
identify sounds corresponding to voiceless or voiced categories as such becomes somewhat
blurred. For [t>s], most of the examples (66.9%) were classified as voiced, thus reversing the
expected behaviour; for [d>Z] there is also an inversion, but to a lesser extent (53.3% of the
stimuli were labelled as voiceless). It is important to note that both speaker and stimulus
influence the results.

There is a significant interaction between phonological category and dialect
(F(7, 5749) = 2.766, p < 0.007). Participants from Majorca tend to classify [Z] instances
as voiced to a significantly lesser degree than participants from Girona (F(1, 5749) = 4.169,
p < 0.041). There is no statistically relevant interaction between phonological category and
stress (F(6, 5749) = 1.503, p < 0.173), but some interesting tendencies deserve attention.
Overall, significant results show that voiced and voiceless segments are being correctly
parsed with their expected voicing feature, but if we break down the effects, we observe
that cases of [d>Z] are always identified as voiceless (100% of the stimuli) in unstressed
syllable (sd = 0.024, t(5749) = −15.936, p < 0.0001). This is relevant information since the
misparsing rates for [d>Z] in stressed syllables are much lower (only 6.7%). To sum up, de-
spite a global tendency to correctly identify the stimulus with the appropriate phonological
category (i.e., with the expected voice feature), there are two affricate categories which
display unexpected levels of confusion, [t>s] and [d>Z]. The former tends to be interpreted as
voiced while the latter is perceived as voiceless when in an unstressed context.

It was also interesting to examine whether fraction of unvoiced frames and duration,
the most robust indicators of voicing in the acoustic experiment, had an effect in the
domain of perception. As can be seen in Table 9 and in Figure 4, stimuli identified as
voiceless are in general longer and display a higher portion of unvoiced frames than
those identified as voiced in every category, the only exception being [d>Z]. This general
observation is confirmed by the statistical analysis. The mixed-effect binomial logistic
regression (answer × fraction of unvoiced frames × duration) demonstrates that neither
fraction of unvoiced frames nor duration condition the participant’s response as main
effects; however, two- and three-way interactions (sibilant type × fraction of unvoiced
frames, sibilant type × duration, sibilant type × fraction of unvoiced frames × duration)
are significant.

Fraction of unvoiced frames influences participants’ answers depending on the sibilant
(F(7, 5740) = 3.747, p < 0.0001). If the portion of unvoiced frames increases (see data in
Table 8), there are significantly fewer stimuli identified as voiced among the instances of
[s], [z], [S], [t>s] and [d>z].15 [Z] also follows this tendency, but its results are not statistically
relevant. [d>Z], however, tends to have a slightly lower portion of unvoiced frames when
labelled as voiceless. Duration also determines the participants’ election depending on
the phonological category (F(7, 5740) = 8.281, p < 0.0001): when duration increases, the
proportion of voiced classifications significantly decreases in all fricative sibilants and in
the dentoalveolar affricates.16 Once again, palatal affricates do not show this behaviour,
though the results are not statistically relevant: when parsed as voiceless, their duration is
shorter than when recognized as voiced.

More interestingly, there is a correlation of fraction of unvoiced frames and dura-
tion depending on the sibilant type (F(8, 5740) = 6.601, p < 0.0001). In [z] (b0 = −0.001,
se = 0.0001, t = −2.562, p < 0.010), [Z] (b0 = −0.002, se = 0.0001, t = −5.199, p < 0.0001) and
[d>Z] (b0 = −0.002, se = 0.001, t = −2.577, p < 0.010), longer duration and higher proportion
of unvoiced frames imply less voiced parsing; on the other hand, [S] shows significantly
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more cases than expected labelled as voiced when fraction of unvoiced frames and du-
ration increase (b0 = 0.003, se = 0.001, t = 2.476, p < 0.013), though correct parsings still
outweigh incorrect answers. Overall, the participants’ judgements confirm the acoustic
measurements regarding duration and fraction of unvoiced frames, thus showing that
they are reliable parameters to establish voicing degree, which seem to be acoustically and
perceptually related.

Table 9. Mean value of fraction of unvoiced frames (in percentages) and duration (in milliseconds)
in the stimuli labelled as voiced or voiceless for every category. Standard deviation values are
also provided.

Stimuli
Fraction of Unvoiced Frames (%) Consonant Duration (ms.)

–
x sd –

x sd

[s]
voiced 70.35 9.62 95.45 13.97

voiceless 80.25 11.58 108.48 9.34

[z]
voiced 31.51 26.37 65.64 18.26

voiceless 40.36 30.10 70.74 20.40

[S]
voiced 50.37 17.65 95.87 11.43

voiceless 66.26 17.60 112.82 14.87

[Z]
voiced 25.60 20.07 95.43 24.13

voiceless 43.57 20.82 100.15 19.22

[t>s]
voiced 46.19 27.79 135.20 28.25

voiceless 71.16 24.56 172.04 45.62

[d>z]
voiced 33.67 21.38 128.77 24.27

voiceless 45.31 20.44 140.79 20.41

[t
>
S]

voiced 51.92 13.19 146.18 16.84
voiceless 65.75 13.20 149.61 28.30

[d>Z]
voiced 31.42 21.38 132.89 11.68

voiceless 29.03 19.17 111.78 20.52
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4. Discussion

This paper is concerned with sibilant devoicing in the history of Spanish and aims
to shed some light on the topic from an experimental perspective with the aid of com-
parative grammar. Therefore, Catalan sibilants (/s, z, S, Z, t>s, d>z,t

>
S, d>Z/), which had been

deemed very similar to those in Medieval Spanish (Penny 1993; Bradley and Delforge 2006),
were acoustically and perceptively analysed in order to determine whether devoicing in
intervocalic medial contexts is possible and whether this has a phonetic basis. However,
it must be recalled that there are some limitations to our analysis, due to the phonemic
distribution of Catalan/t>s/, which had to be studied in intervocalic initial position. It is
also important to bear in mind that the sample of speakers and participants is certainly
limited. Indeed, speaker and participant as random effects do condition the statistical
models both in the acoustic and in the perception experiments.17 Thus, our explanations
are necessarily provisional.

The acoustic results for Catalan sibilants showed that fraction of unvoiced frames,
consonant duration and also intensity (though to a much lesser extent) were relevant in
determining voicing characteristics. These parameters were conditioned by the kind of
sibilant and, occasionally, by dialect. Duration and fraction of unvoiced frames in particular
have been shown to be robust indicators of voicing, since they distinguish voiced from
voiceless segments in almost all the sibilant pairs, in line with Hualde and Prieto (2014). As
a general tendency, voiced sibilants are shorter, display less intensity and have a smaller
portion of unvoiced frames than their voiceless counterparts, as stated previously in the
literature (Haggard 1978; Pensado 1993; Widdison 1995; Solé 2003; Ohala and Solé 2010). In
this sense, our results in Catalan sibilants fit the general behaviour described for sibilants
in the world’s languages (Smith 1997 or Davidson 2016 for English, and Van de Velde and
van Hout 2001 for Dutch are three examples) and coincide with recent research in the topic
(Hualde and Prieto 2014; Hualde et al. 2015).

When applying Smith’s (1997, p. 478) scale of voicing to our results, we also observe a
great heterogeneity in the production of sibilants. Cases of fully voiced, partially devoiced
and fully devoiced consonants are detected in every phonological category. This implies
phonetic variation (see Hualde and Prieto 2014; Hualde et al. 2015): sibilants in Catalan are
not uniform, which is also in line with the results reported by Smith (1997) or Davidson
(2016) for English, or by Van de Velde and van Hout (2001) for Dutch. As mentioned in these
works, partially devoiced utterances are the most frequent option for most sibilants, with
some exceptions. Alveolar fricatives and [S] tend to be produced more at the extremes ([s]
and [S] display more fully devoiced cases, [z] more fully voiced examples). An intermediate
case would be [Z], in which partially devoiced utterances are less common than expected,
though prevailing. At the other end of the scale, [d>Z] presents a significant and clear
tendency to partial devoicing (see Hualde et al. 2015, p. 261).

However, Catalan exhibits a certain variability depending on the dialect, at least
according to our preliminary data concerning Girona Central Catalan and Majorcan Catalan.
Majorcan speakers produce a more voiced [s] than Girona speakers, since in Majorca [s]
presents shorter duration and a significantly lower portion of unvoiced frames. The
duration of Majorcan [S] (significantly shorter than Girona [S]) also suggests a more voiced
production. On the other hand, Majorcan [z] is more devoiced, since its proportion of
unvoiced frames is higher. These findings could point to a certain tendency towards an
intermediate acoustic space for these segments in Majorcan, while acoustic differences in
Girona Central Catalan remain clearer and suggest more extreme realizations. A similar idea
arises from the results in Hualde and Prieto (2014, p. 120), also with Central Catalan data.
It seems as if the Majorcan options were more peripheral, nearer to a border area between
phonological categories (Pierrehumbert 2001, 2002), and thus closer to a hypothetical
neutralization. An explanation for this could be associated with the fact that the Majorcan
speakers were not so clearly Catalan-dominant as the Girona speakers: according to the
BLP scores, though they are Catalan-dominant, the bias in favour of this language was
significantly less pronounced.
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Affricate sibilants, however, display a different tendency. There are no remarkable
divergences between Majorcan and Girona Central Catalan regarding dentoalveolars, but
there are in palatals. In this case, Majorcan speakers seem to exaggerate their voicing
characteristics, since [t

>
S] is more devoiced (higher portion of unvoiced frames) and [d>Z] is

more voiced (it is significantly shorter) than in the production of Girona speakers. This
gives the impression that Girona Central Catalan utterances are not as clearly distinct as in
Majorcan Catalan. If this is the case, it cannot be accounted for in terms of a lesser degree of
Catalan dominance. This finding is in line with Benet et al. (2012, p. 402), who also noted a
tendency to neutralize palatal sibilant affricates in Barcelona Catalan, a tendency that was
not attributable to Spanish influence, but to internal mechanisms in the system. Hualde et al.
(2015, p. 260) also describe the same tendency, with no connection with Spanish influence,
for Central Catalan speakers. In general, considering the voicing scale proposed by Smith
(1997, p. 478), Majorcan Catalan seems to prefer more extreme realizations than Girona
Central Catalan, a global result which must be attributed to the behaviour of affricates.

One of the reasons for examining sibilant voicing in these two dialectal variants was
the possibility of affrication in the production of alveopalatal sibilants in Majorcan speakers,
as described in Bibiloni (2016, pp. 127–28). This phenomenon should entail an increase in
consonant duration, which could conform to the characteristics of devoicing. However,
at least from our numbers, this is not the case: Majorcan alveopalatals, especially voiced
ones, are significantly shorter than affricates. We could only detect statistically relevant
similarities between the duration of [S] and [d>Z], which did not indicate an increase in the
alveopalatal instances, but a decrease in the duration of affricate instances. In fact, as com-
mented previously, the duration of Girona speakers’ [Z] was not significantly different from
that of Majorcans, and, unexpectedly, [S] was significantly longer in Girona Central Catalan.

This general picture still requires some comments regarding fraction of unvoiced
frames and consonant duration. Concerning the first, overlaps have been detected among
almost all voiced sibilants ([z, Z, d>Z]) and among several voiceless sibilants ([s, S], [S, t>s, t>Z]).
This suggests that most voiced sibilants share a similar degree of voicing in terms of the
portion of unvoiced frames, and that several voiceless sibilants also coincide in their degree
of devoicing. As a consequence, it seems that there is a clear-cut difference between voiced
and voiceless segments regarding fraction of unvoiced frames, since no overlap is detected
among consonants belonging to the two series. This gives support to Rohena-Madrazo’s
(2013, 2015) method for studying /Z/ devoicing, since he employed the values of /s/
percentage of voicing as a benchmark for determining the voiced prepalatal behaviour.
However, data for duration indicate a more complex panorama, since there is indeed
overlapping among voiced and voiceless sibilants (see Figure 5): when considered together,
fricative sibilants display similar duration, as do [S, d>Z] and even voiceless affricates.

The most interesting case may be the aforementioned [S]-[d>Z] coincidence: since
duration has been deemed one of the most important voicing cues (Haggard 1978; Pensado
1993, p. 218; Widdison 1995, p. 38; Lavoie 2001, p. 107; Hualde and Prieto 2014), this result
may point to a situation in which a voiced affricate could be interpreted as equivalent to a
shorter item (the fricative), which is more efficient to produce due to its voiceless character,
as explained by Ohala and Solé (2010, pp. 53–54). If we recall that voiceless sibilants are not
completely unvoiced, there may be an intermediate point at which peripheral exemplars
of the two categories may overlap: the evident preference of [d>Z] for partially devoiced
realizations supports the idea of exemplars of this category moving from the more canonical
forms to a more external area in the acoustic space. It is also relevant that this convergence
occurs with palatal consonants, the most prone to devoicing according to Pensado (1993,
p. 210).
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In the perception domain, participants usually parse the stimuli with their expected
voicing value according to the phonological category of the input. On average, 72.32% out
of the total stimuli were correctly labelled. However, this percentage increases to 86.23%
if we ignore two categories in which misparsings prevail: [t>s] and [d>Z]. [t>s] is frequently
identified as voiced (confusion rates amount to 66.9%) and [d>Z] is often interpreted as
voiceless (53.3% of the total, 100% when in an unstressed syllable). Interestingly, stress is
not affecting the perception of the stimuli, except for [d>Z]. This is an unexpected result,
since Haggard (1978, p. 100), Widdison (1995, p. 39), Davidson (2016, p. 40) or, to some
extent, even Smith (1997, p. 490) pointed to stress as a determining factor in devoicing.
Instead, our general results coincide with Hualde et al. (2015, p. 260), who find no effects
of stress on voicing (neither it has been deemed to play any role in the Spanish historical
process of devoicing). As for [d>Z], its devoicing has been reported in the literature on
production (Benet et al. 2012; Recasens 2014, p. 264; Hualde et al. 2015, p. 206), and,
regarding its association with stress, it has been described as mostly occurring in post-tonic
position (Haggard 1978, p. 100; Recasens 2014, p. 264), or when preceding stress, specially
at the end of an unstressed syllable (Smith 1997, p. 490; Davidson 2016, p. 40). In any
case, [d>Z] misperceptions fit the idea of devoicing in unstressed position; [z] and [d>z]
confusions are also more usual in unstressed syllable, though not statistically relevant.
This fact suggests that unstressed position, as a non-salient context (Smith 1997, p. 490),
may favour perceptual confusion in these voiced sibilants. As Kember et al. (2021, p. 414)
indicate, prominence facilitates utterance processing.

At this point it is important to remark that confusions do exist in all sibilants, though
to different extents: [t>s] and [d>Z] display a significantly higher rate of errors than the
other categories. Although the differences between them are not statistically relevant,
alveopalatals, voiced dentoalveolar and voiceless palatal sibilants display lower error
rates than alveolar sibilants. This is in line with Pensado’s (1993, p. 210) comment on
affricate sibilants being more susceptible to devoicing than fricatives (see also Hualde et al.
2015, p. 260): if confusion levels are greater, this implies a stronger inclination to reverse
voicing interpretation.

If we focus on the voicing feature, we can observe a tendency to slightly increase
confusions in voiced categories with respect to voiceless ones (28.3% in the former vs.
27.05% in the latter, 19.96% vs. 13.76% if we leave out [t>s] and [d>Z]). From this we may
tentatively infer a higher tendency to misperception in the case of voiced sibilants in
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comparison to voiceless ones, which seem to be somewhat more stable. This may indicate
that voiceless sibilants are easier to parse, which seems to be consistent with the acoustic
results: as explained before, they are more homogeneous in their production ([s] and [S]
were basically produced as fully devoiced sibilants) than voiced sibilants, which displayed
more variability. This would lead, in the case of voiceless sibilants, to the acoustic-auditory
space being more crowded around similar values, thus yielding more canonical exemplars
which should be easier to identify as voiceless. This is particularly evident in [s], [S] and [t

>
S].

As commented before, [t>s] presents a completely different tendency, but we must remember
that the context may play a role in its behaviour: Smith (1997) or Davidson (2016, p. 46)
demonstrate that position in the word is an important factor in voicing. Indeed, our results
are in line with Smith (1997, p. 487), who found that devoicing was more likely to occur in
onset word-medial position than in word-initial position. We have seen that the particular
limitations to the distribution of [t>s] has some consequences in the acoustic approach, but it
seems to be even more apparent at the perception level. Its results, therefore, may not be
really comparable to the other cases, more so if we take into account that words including
this element in Catalan are not frequently used and/or are often loanwords. A better
selection of the target items in this case could have changed the results.

Voiced sibilants, on the other hand, tended to be produced as partially devoiced (only
[z] was usually uttered as fully voiced, in line with Hualde and Prieto 2014, p. 117), which
would mean a displacement from the expected canonical forms and a less crowded space
around the prototypes. This would entail greater difficulty in the parsing process and a
higher rate of confusion. This fact is evident in the case of [d>Z], where misparsings are the
norm rather than the exception. Another voiced segment, [Z], seemed to be taking this
route in Majorcan Catalan, since misperceptions are statistically significant, although not
yet prevalent.

Stimuli interpreted as voiced were generally shorter and had a lower proportion of
unvoiced frames (except for [d>Z]). This behaviour was overwhelmingly clear in the case of
fricative and dentoalveolar affricate sibilants. Palatal affricate stimuli could be labelled as
voiceless, even when duration decreased, though this result is related more to the tendency
for [d>Z] to be parsed as voiceless than to the results for [t

>
S].

From these observations some important ideas arise. As Haggard (1978), Smith (1997),
Van de Velde and van Hout (2001), Bradley and Delforge (2006), Rohena-Madrazo (2013,
2015) or Davidson (2016) argue, voicing does not seem to be a categorical feature, but a
gradual one. Our results in Catalan, which generally agree with Hualde and Prieto (2014)
and Hualde et al. (2015), give support to this idea. At least in sibilant consonants, there is
variation in the acoustic realizations, which demonstrates it. In fact, sounds corresponding
to voiced categories display different degrees of voicing and may include allophones which
could be classified as fully devoiced following Smith’s (1997, p. 478) criteria. Obviously,
these examples are not the majority among these categories, but entail a certain overlap with
voiceless categories. Phonetic realizations of voiceless sibilants also include partially voiced
instances, although, in these cases, fully voiced exemplars are anecdotic. As mentioned
above, this is consistent with duration values. Our findings lead us to the conclusion that
[s, z, S] are more stable and homogeneous in production and perception than [Z] and the
affricate sibilants, as stated by Pensado (1993, p. 210).

The aforementioned acoustic features in affricates could pave the way for the pref-
erence of unvoiced segments due to the aerodynamic and acoustic restrictions adduced
by Solé (2003), Ohala and Solé (2010, pp. 39–41), or Żygis et al. (2012, pp. 310–12), by
ensuring turbulence at the expense of vocal-fold vibration. If there is some level of equiva-
lence or overlap, more efficient options in aerodynamic terms will be produced. From this
point of view, the idea of lenition defended by Smith (1997, pp. 494–96) and Lavoie (2001,
p. 107) makes sense: broadly speaking, options in which only turbulence is required can
be favoured over those in which turbulence and vocal-fold vibration are needed since it is
possible to obtain a similar result, even when no influence of the context may be adduced.
However, the increase in duration contradicts a lenition phenomenon. Pensado (1993,
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pp. 222–23) insisted (in line with traditional accounts of historical sibilant devoicing in
Spanish) on a strengthening process, though our results seem to be partially coherent with
the description of devoicing as a reduction in duration and in the magnitude of articulatory
gestures, in accordance with the definition of lenition offered in Bybee and Easterday (2019,
p. 271).This reasoning may particularly explain the results for [d>Z]: ambiguity in production
results in perception misparsing and, finally, leads to complete devoicing in production as
the final stage in a process of change (Pierrehumbert 2001; Blevins 2004; Ohala 1981, 2012).

The second relevant issue concerns the perception level. Our data show an evident
coincidence between acoustic properties and auditory impression in the Catalan sibilants.
In fact, the perception of voicing relies on durational parameters, as Haggard (1978),
Widdison (1995), Lavoie (2001), and Żygis et al. (2012) had pointed out. However, we
detected that fraction of unvoiced frames was also involved in the recognition of voicing.
As Widdison (1995, 1997) and Ohala (1981, 2012) remark, listeners seem to rely on more
than a single cue to correctly parse the input. Certainly, we only examined two parameters,
but it may be equally possible that other acoustic cues are helping to determine voicing
adscription: Bradley and Delforge (2006, p. 31) mention F1 transitions, the duration of the
preceding vowel or F0 of the following vowel, for example. Despite this fact, misparsings
are obviously possible and are even more likely when functional load is low (Wedel et al.
2013, p. 184): the consideration of [t>s] as a phoneme is not undisputed, and cases in which
[d>Z] may give rise to minimal pairs are not abundant (Wheeler 2005, pp. 11–12). Besides,
in our experiment, the stimuli were extracted from complete words, thus resulting mostly
in sequences with no lexical meaning: in such cases, lexical knowledge could not help in
disambiguating the signal.

All these considerations may be relevant to our understanding of the sibilant devoicing
process in Early Modern Spanish. As commented, the sibilant system in Medieval Spanish
was very similar to that in Catalan (Penny 1993; Bradley and Delforge 2006). For this
reason, we could attempt to extrapolate the information obtained for Catalan to the sound
change in Spanish. In this respect, the first important topic to address is that, as stated by
Pensado (1993) or Widdison (1995, 1997), sibilant devoicing is a phonetically based process.
The analysis of Catalan sibilants demonstrates the overlap in the allophonic production of
voiced and voiceless sibilant pairs, especially when it comes to voiced sibilant utterances.
Only [z] seems to be more resistant to this general tendency. Even duration values indicate
this overlap. If we admit duration as one of the most reliable cues for voicing, the resulting
picture is highly complex and shows multiple areas of coincidence among sibilants: in
Figure 5 (supra) we can observe that only two voiced categories are clearly distinct: [z], the
shortest sibilant, and [d>z], which holds an intermediate place between voiceless affricates
and the rest of the sibilants. The central space is occupied by [s], [S], [Z] and [d>Z]. Note that
[Z] and [d>Z] are the sibilants which showed a more evident tendency to devoice, according to
our figures (in this respect, Rioplatense Spanish devoicing of /Z/ —Fontanella de Weinberg
1987, 2000; Rohena-Madrazo 2013, 2015; or Michnowicz and Planchón 2020— constitutes
a perfect case of study for the explanation of the diachronic evolution). This ambiguous
crowded space may be the key to shedding light on the historical process in Spanish.

As is known, not all voiced sibilants were devoiced at the same time: the phenomenon
began with dentoalveolar segments, which induced devoicing in the fricative series
(Eddington 1987, p. 58; Lapesa 1981, p. 283; Sánchez Prieto 2004, p. 422; Quilis 2005,
pp. 168–69; Ariza 2012, p. 224). Pensado (1993, p. 210) agrees with this claim and points out
that devoicing is usually gradual and starts with a specific sibilant pair before spreading
to the others. She notes that the progression was from affricates to fricatives and from
palatals to alveolars. Our data in Catalan support this. Ambiguities are found mostly in
affricate sibilants, namely [d>Z] and [t>s]. The first case clearly demonstrates the devoicing
process, particularly at the auditory level, as we commented before. The second is also
very interesting, despite the limitations to its distribution. If we examine [t>s] and [d>z] in
terms of Smith’s (1997, p. 478) degree of voicing classification, we observe an interesting
result: most of the utterances of both affricates are partially devoiced (46.9% of the total in
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the case of [t>s] and 78.1% for [d>z]). It is even more interesting to examine this by dialect:
Majorcan Catalan speakers tend to produce [t>s] as fully devoiced, but 66.7% of instances of
[d>z] are partially devoiced (only 25% fully voiced). Girona Catalan speakers show a similar
pattern for [t>s], but the proportion of partially devoiced instances of [d>z] rises to 85% (only
6% are fully voiced). This suggests that dentoalveolars are not produced at the extremes,
like alveolar fricatives, but at an ambiguous intermediate point. Their clouds of exemplars
tend to overlap in the acoustic-auditory space, as described by Pierrehumbert (2001, 2002).
Historical change may thus be accounted for as a case of phonological ambiguity (Blevins
2004; Ohala 1981, 2012).

What seems to be clear is that phonetic variation regarding voicing is a fact. This is
the first compulsory step for a sound change to initiate (Lindblom 1990; Ohala 1981, 2012;
Pierrehumbert 2001, 2002; Blevins 2004). After this, the presence of multiple allophones
can lead to a process of reanalysis and recategorization following different paths: in the
dentoalveolar pair, the acoustic ambiguity among phonetic realizations may imply the
selection of the more frequent variants, which would have tended to be the more devoiced
ones, so a recategorization as voiceless would follow (a case of choice, according to Blevins
2004). In the case of palatal affricates, misperception indicates that listeners reinterpret
the input as voiceless, which would mean that their production would have varied to fit a
voiceless category (a case of chance in Blevins 2004). Even [Z] seems to show an incipient
tendency to devoicing. These complementary sources could have been the starting point
of the whole process. In fact, though [s] and [z] seem to be the most stable segments, the
volume of incorrect identifications in the perception experiment reveals that misperceptions
do occur (above 20% in both categories and slightly more often in unstressed syllable), so
confusion between them is also possible and may take place.

The historical process in Early Modern Spanish thus seems to have followed universal
phonetic tendencies and we may account for it as a phonetically grounded sound change,
rather than invoking other causes in its inception. Internal factors, as in most regular sound
changes, show that the global explanation may correspond to a complex process of lenition,
or, at least, not a clear strengthening case. Language contact (Martinet 1951–1952; Lloyd
1993, pp. 429–37) or the need for a readjustment in the phonological system (Contini 1951,
pp. 179–80; Alarcos 1988, pp. 51–53; Penny 1993, pp. 81–82; Ariza 2012, p. 224) may be
contributing factors (in the first case) or the result (in the second case) of the process more
than the triggering factor.

5. Conclusions

This paper is a first approach to sibilant devoicing in the history of Spanish, a pro-
cess that concluded in the 16th century. Since such a process has been deemed atypical,
the usual explanations claimed that devoicing was the result of a reorganization of the
mediaeval phonological system aiming at more symmetry and/or more efficiency. Other
justifications invoked linguistic contact as the reason for the neutralization: pressure from
Basque, which lacks voiced sibilants, could have induced voicing neutralization in Spanish.
However, phonetic factors can explain the sound change in a more simple and efficient
way, as Pensado (1993) or Widdison (1995, 1997) have pointed out.

Following recent methods in historical linguistics, we turned to comparative grammar
and experimental phonetics to examine the topic in greater depth and try to determine
whether this evolution could be understood as a phonetically based sound change, initiated
for internal reasons. With this purpose in mind, Catalan sibilants were acoustically and
perceptually analysed in terms of consonant duration, intensity and fraction of unvoiced
frames, also taking into account their degree of voicing.

Our results point to a phonetically based sound change, since devoicing may be
accounted for in terms of acoustic and aerodynamic factors, as well as in terms of misper-
ception, like most regular sound changes. As has been pointed out, voiced sibilants are
not common segments in the world’s languages and tend to devoice due to aerodynamic
constraints. This is evidenced by means of certain acoustic features, such as duration
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and fraction of unvoiced frames. If the cloud of exemplars of voiced sibilant categories
overlaps with the cloud of exemplars of their voiceless counterparts, the voiceless options
will be preferred, since their production is more efficient. Moreover, perceptual ambiguity
among exemplars in the peripheral area in the acoustic-auditory space will pave the way
for reanalysis and recategorization. This process will be favoured more if the phonological
opposition has a low functional load, as was the case in Medieval Spanish sibilants.

However, it is important to remark that our results are only tentative, since the
sample in the acoustic experiment is clearly limited: more recordings are required in future
research to guarantee solid findings. Even in the perception experiment more participants
should be recruited for further analysis in order to ensure more representative results.
Moreover, it will be crucial to refine the corpus, to achieve a more solid analysis of voiceless
dentoalveolar affricates and more reliable comparison between the sibilants. Taking these
aspects into account will be the way to obtain more substantial results to support these
preliminary findings.
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Appendix A

Laboratory speech corpus employed in the acoustic experiment. The words in italics
contain the segments analyzed in this paper.

1. Els assajos són els dissabtes a migdia. ‘Rehearsals are on Saturdays at noon.’
2. Era tan poca-vergonya que es va dedicar a assetjar els companys de feina. ‘He/She

was such a rascal that he/she harassed his/her workmates.’
3. Explicava que calia aixafar el raïm per obtenir el vi. ‘He/She explained that grapes

should be squashed in order to obtain wine.’
4. Va pensar que l’atzar el duia per camins ben imprevisibles. ‘He/She thought that fate

led him along unsuspected paths.’
5. La tieta es va casar amb un senyor de Capdepera. ‘Auntie married a man from Capdepera.’
6. Sentir la paraula “tsar” i riure era tot u. ‘He/She used to laugh as soon as he/she

heard the word tsar.’
7. Va agafar una passa de panxa que el va deixar ben aixafat. ‘He/She caught a stomach

bug and he/she feels under the weather.’
8. Trobo que el pare ha catxat molt en el últims temps. ‘I feel that recently our/my father

has aged a lot.’
9. Li agradava moltíssim anar a la platja el mes de setembre. ‘He/She adored going to

the beach in September.’
10. Va decidir barrejar lleixiu i salfumant amb resultats desastrosos. ‘He/She decided to

mix bleach with hydrochloric acid, and the result was calamitous.’
11. Em va dir que vivia a casa d’una parenta. ‘He/She told me that he/she lived at a

relative’s place.’
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12. La Laura va aparèixer borratxa a la seva festa de comiat. ‘Laura turned up completely
drunk at her farewell party’

13. Veient la contrarietat, va exclamar “vaja” i va marxar. ‘When he/she realised the
setback, he/she exclaimed “oh!”, and left.’

14. Considerava “tsarisme” un préstec del rus. ‘He/She considered tsarism a loanword
from Russian.’

15. Tenia el cabell d’un color atzabeja molt bonic. ‘He/she had got gorgeous jet black hair.’

Appendix B

Table A1. Stimuli used in the perception experiment.

Phoneme
Stressed Syllable Unstressed Syllable

Stimulus Fraction of Unvoiced Frames (%) Stimulus Fraction of Unvoiced Frames (%)

/s/

[a’sa] 94.1% [asa] 95.6%
[a’sa] 82.6% [asa] 82.3%
[a’sa] 73% [asa] 71.9%
[a’sa] 61% [asa] 64.9%

/z/

[a’za] 73.3% [aza] 78.2%
[a’za] 37% [aza] 30.6%
[a’za] 28.1% [aza] 20.9%
[a’za] 0 [aza] 0

/S/

[a’Sa] 82.7% [aSa] 84.9%
[a’Sa] 71.9% [aSa] 76.1%
[a’Sa] 63.6% [aSa] 65.7%
[a’Sa] 35.6% [aSa] 34.3%

/Z/

[a’Za] 56.2% [aZa] 59%
[a’Za] 42.1% [aZa] 47.7%
[a’Za] 31.8% [aZa] 31.7%
[a’Za] 13.6% [aZa] 7.3%
[a’Za] 0 [aZa] 0

/>ts/

[a’>tsa] 96% - -
[a’>tsa] 71.1% - -
[a’>tsa] 61.9% - -
[a’>tsa] 52.4% - -
[a’>tsa] 45.4% - -
[a’>tsa] 0 - -

/
>
dz/

[a’
>
dza] 66.6% [a

>
dza] 65.6%

[a’
>
dza] 57.6% [a

>
dza] 56.8%

[a’
>
dza] 49.7% [a

>
dza] 47.8%

[a’
>
dza] 38.3% [a

>
dza] 32.2%

[a’
>
dza] 27.6% [a

>
dza] 26.8%

[a’
>
dza] 14.5% [a

>
dza] 18.4%

[a’
>
dza] 0 [a

>
dza] 0

/
>
tS/

[a’
>
tS a] 82.2% [a

>
tSa] 84.2%

[a’
>
tS a] 7.09% [a

>
tSa] 77.8%

[a’
>
tS a] 60.5% [a

>
tSa] 68.5%

[a’
>
tS a] 52% [a

>
tSa] 59.4%

[a’
>
tS a] 42.8% [a

>
Sa] 47.8%

/
>
dZ/

[a’
>
dZa] 64.1% [a

>
dZa] 61.2%

[a’
>
dZa] 39.3% [a

>
dZa] 36.5%

[a’
>
dZa] 29.9% [a

>
dZa] 28.9%

[a’
>
dZa] 19.8% [a

>
dZa] 17.9%

[a’
>
dZa] 0 [a

>
dZa] 3.9%
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Notes
1 We use “teleological” in the sense described in Blevins (2004, p. 45) or in Ohala (2012, p. 24) to refer to purpose-directed sound

changes, mainly oriented to an optimization of the phonological system. One reviewer points out that teleological change can also
include phonetic-based sound changes, since speakers decide on the variants for ease of production or comprehension. Following
Blevins (2004) and Ohala (2012), we assume that even changes related to ease of articulation or maximization of contrast (which
can be associated to phonetic reasons) are not goal-directed: these are effects of the unaware actuation of the speaker and the
listener in uttering and perceiving sounds (see also the results regarding speech style in Rohena-Madrazo 2013, pp. 52–55).

2 It should be noted that most descriptions omit />tZ/ from the explanation (Alarcos 1988; Lapesa 1981; Lloyd 1993; Penny 1993;
Bradley and Delforge 2006), due to the lack of a voiced cognate: the absence of a devoicing process in this case justifies the
omission. However, as one reviewer correctly points out, it is likely that [d>Z] existed as an allophone of /Z/ in post-pausal
contexts. In fact, phonetic variation probably have existed for all the sibilant categories.

3 For considerations on the preservation of the voiced sibilants in some particular areas, see, for example, Sanchis Guarner (1949),
regarding Aguaviva, a village in the border region between Aragon and Catalonia (a bilingual area influenced by Catalan),
or Salvador and Ariza (1992) concerning Cáceres province. Recent research would be needed to verify if the maintenance of
the opposition is still alive in these spots. Even in Judeo-Spanish the voiced–voiceless contrasts were preserved (Lleal 2004,
pp. 1150–51; Noll 2014, p. 604; Bradley 2022, p. 816).

4 Note that Penny (1993) suggests that neutralization in such a context would have later extended to medial intervocalic position,
where the functional load of the voiced–voiceless contrast was indeed very low. In this sense, Wedel et al. (2013) demonstrated
statistically the relationship between functional load and neutralization processes: phonological oppositions yielding high
functional load are usually maintained, while pairs which are not productive tend to neutralize.

5 See also Hualde and Prieto (2014) and Jiménez and Lloret (2014) for two interesting approaches from the opposite perspective
(voicing in the Romance languages).

6 “A voiced fricative is said to be devoiced when its periodic component ceases before the friction component” (Haggard 1978,
p. 95).

7 In spite of the presence of [S] and [Z] in some varieties of Spanish, among them most of Argentinian Spanish, it is not a transparent
opposition for all speakers. It should be noted that the author explains that participants had phonological training in the second
experiment.

8 Dentoalveolar affricates are not very frequent and /t>s/ in particular is very rare in intervocalic lexical position (Wheeler 2005:
12). According to the data in Rafel i Fontanals (1980, pp. 480–81), the voiceless dentoalveolar in medial position has a relative
frequency of 0.0195%, while in word-initial position it increases to 0.1072%.

9 For further descriptions on the Catalan sibilants voicing contrasts, see Hualde and Prieto (2014, p. 112) regarding the alveolar
pair, and Hualde et al. (2015, pp. 244–46), for the prepalatal fricatives and the palatal affricates.

10 Devoicing of sibilants has been claimed to be the result of the influence of Spanish in urban areas of Barcelona, though Benet et al.
(2012) show that, while the devoicing of /z/ can be related to Spanish as L1, /d>Z/ devoicing must be associated with internal
factors, not to language contact. It seems problematic to attempt generalizations regarding the effect of Spanish on Catalan in this
respect.

11 We carried out generalized linear mixed-effects, with speaker and word as random effects; the voicing value was set as the fixed
effect and the interaction between stress and voicing value was analysed. Stress had no effect on duration (F(2, 120) = 0.071,
p < 0.932), intensity (F(2, 120) = 0.349, p < 0.706) or degree of glottal fold vibration (F(2, 120) = 0.052, p < 0.950) in the alveolar pair,
nor in the alveopalatal sibilants (F(2, 119) = 0.129, p < 0.879; F(2, 119) = 0.112, p < 0.894; F(2, 119) = 0.031, p < 0.969), dentoalveolars
(F(2, 120) = 0.036, p < 0.965; F(2, 120) = 0.147, p < 0.863; F(2, 120) = 0.102, p < 0.903), or palatal sibilants (F(2, 120) = 0.403, p < 0.670;
F(2, 120) = 0.083, p < 0.921; F(2, 120) = 0.194, p < 0.824).

12 (F(1, 115) = 23.451, p < 0.0001) in alveolar fricatives, (F(1, 126) = 25.239, p < 0.0001) in dentoalveolar affricates and (F(1, 98) = 29.574,
p < 0.0001) in palatal affricates.

13 Duration significantly distinguishes [z] (b0 = −60.662, se = 6.206, t = −9.775, p < 0.0001), [Z] (b0 = −8.856, se = 6.206, t = −5.326,
p < 0.0001), [t>s] (b0 = 30.331, se = 6.206, t = 4.888, p < 0.0001), [t

>
S] (b0 = 22.553, se = 6.206, t = 3.634, p < 0.003) and [d>Z] (b0 = 125.077,

se = 5.268, t = 23.743, p < 0.0001). Fraction of unvoiced frames yields significant results in the cases of [s] (b0 = 44.777, se = 4.512,
t = 9.925, p < 0.0001), [z] (b0 = −18.940, se = 4.512, t = −4.198, p < 0.001), [S] (b0 = 38.257, se = 4.512, t = 8.480, p < 0.0001), [t>s]
(b0 = 27.731, se = 4.512, t = 6.147, p < 0.0001) and [t

>
S] (b0 = 27.128, se = 4.512, t = 6.013, p < 0.0001).

14 The complete list of stimuli is given in Appendix B.
15 Statistical results for [s] (b0 = −0.564, se = 0.251, t = −2.242, p < 0.025), [z] (b0 = −0.230, se = 0.109, t = −2.108, p < 0.035), [S]

(b0 = −0.497, se = 0.149, t = −3.343, p < 0.001), [t>s] (b0 = −0.287, se = 0.115, t = −2.488, p < 0.013) and [d>z] (b0 = −0.223, se = 0.112,
t = −1.983, p < 0.047).

16 [s] (b0 = −0.412, se = 0.153, t = −2.696, p < 0.007), [z] (b0 = −0.137, se = 0.030, t = −4.646, p < 0.0001), [S] (b0 = −0.455, se = 0.084,
t = −5.444, p < 0.0001), [Z] (b0 = −0.099, se = 0.029, t = −3.375, p < 0.001), [t>s] (b0 = −0.179, se = 0.037, t = −4.825, p < 0.0001) and
[d>z] (b0 = −0.153, se = 0.029, t = −5.347, p < 0.0001).
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17 It is interesting to note that works on devoicing of /Z/ in Rioplatense Spanish, though having a more solid sample, also report
relevant individual variation (see Rohena-Madrazo 2015 or Michnowicz and Planchón 2020).
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