
For Review Only
Acoustic-perceptual factors in the actuation of sound 

change

Journal: The Wiley Blackwell Companion to Diachronic Linguistics

Manuscript ID Draft

Wiley - Manuscript type: Article

Date Submitted by the 
Author: n/a

Complete List of Authors: Kirby, James; Ludwig-Maximilians-Universität München Institut für 
Phonetik und Sprachverarbeitung
Harrington, Jonathan; Ludwig-Maximilians-Universität München Institut 
für Phonetik und Sprachverarbeitung

Keywords: phonetics, enhancement, speech perception, sound change

Abstract:

Speech is characterized by ubiquitous variation. Although variation is 
often quite stable, both within speech communities and over long spans 
of historical time, it is widely accepted that it is this systemic phonetic 
variation that provides the ‘seeds’ of sound change (Kiparsky 1995; 
Ohala 1989; Blevins 2004; Lindblom et al. 1995). But how does variation 
become change? The focus of this chapter is on changes characterized 
primarily by the first stage of the life cycle model (see Bermúdez-Otero 
2015; Bermúdez-Otero & Trousdale 2012; Ramsammy 2015; 
WBCDL018), i.e. on the causes and conditions by which intrinsic phonetic 
variation becomes extrinsic or phonologized. In particular, we focus on 
four aspects of sound change actuation in which acoustic-perceptual 
considerations are paramount: acoustic-perceptual bias factors; 
perceptual parsing; enhancement; and perceptual learning.

 

John Wiley & Sons, Ltd

The Wiley Blackwell Companion to Diachronic Linguistics



For Review Only

Acoustic-perceptual factors in the actuation of sound change 
  
 

1. Introduction: acoustic-perceptual factors in sound change 
 

Speech is characterized by ubiquitous variation. Although variation is often quite stable, both 
within speech communities and over long spans of historical time, it is widely accepted that it 
is this systemic phonetic variation that provides the ‘seeds’ of sound change (Kiparsky 1995; 
Ohala 1989; Blevins 2004; Lindblom et al. 1995). But how does variation become change? 
The focus of this chapter is on changes characterized primarily by the first stage of the life 
cycle model (see Bermúdez-Otero 2015; Bermúdez-Otero & Trousdale 2012; Ramsammy 
2015; WBCDL018), i.e. on the causes and conditions by which intrinsic phonetic variation 
becomes extrinsic or phonologized. In particular, we focus on four aspects of sound change 
actuation in which acoustic-perceptual considerations are paramount: acoustic-perceptual bias 
factors; perceptual parsing; enhancement; and perceptual learning. 

Many of the classical examples of sound change involve COARTICULATION, i.e. 
contextually-conditioned variation in the acoustic realization of a speech sound (Ohala 
1993b; Recasens 2018; Zellou 2022). Commonly cited examples include the emergence of 
umlaut due to vowel-to-vowel coarticulation (Ohala 1994; Grosvald & Corina 2012), the 
development of pitch-based (tonal) contrasts grounded in consonant-to-vowel coarticulation 
(Hombert, Ohala & Ewan 1979; WBCDL076), or the emergence of contrastive vowel 
nasalization due to retiming of oral and velic gestures (Kawasaki 1986; Cohn 1993; Solé 
1992; Beddor 2009; Carignan et al. 2021). Other changes, such as final obstruent devoicing 
(Lombardi 1991) or the rhotacism of voiced fricatives (Catford 2001), have plausible 
aerodynamic sources. Yet there are still other sound changes for which unambiguous 
articulatory or aerodynamic precursors are lacking. In §2, we discuss a number of these 
changes and consider different accounts of their actuation.  

While phonetic variation is ubiquitous in speech, it can persist over long periods of time. 
As a result, many researchers draw a distinction between variation and change. One way to 
conceive of the difference between synchronic acoustic-phonetic variation and sound change 
is that change involves synchronically co-varying acoustic cues which are both mechanically 
linked in production and PARSED together in perception: “the sound change [a change in the 
pronunciation norm] is initiated when listeners cease to parse together phonetic cause and 
effect” (Ohala & Busà 1995: 3). For the purposes of this chapter when we talk about ‘sound 
change’ we mean it in this narrow sense: a consistent change in production accompanied by 
some type of realignment in perception. What ‘parsed together’ in perception means is a topic 
we will cover in more detail in §3 below.  

It is frequently observed that sound change involves the exaggeration or ENHANCEMENT 
of phonetic biases, either in terms of their magnitude or temporal extent. In §4, we discuss 
several definitions of enhancement and how they relate to sound change. Finally, in §5 we 
briefly review some of the main findings of the PERCEPTUAL LEARNING literature and consider 
the potential implications of this work for our understanding of sound change actuation.  
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2. Acoustic-perceptual bias factors in sound change 
 
Scholars of sound change have often made a distinction between changes having a clear 
phonetic conditioning of some type, and those that have no such obvious phonetic 
conditioning (Garrett & Johnson 2013; Garrett 2015). The set of changes with clear phonetic 
conditioning can be further subdivided by their putative phonetic origin, namely in the 
articulatory, aerodynamic, or acoustic-perceptual properties. The development of contrastive 
vowel nasalization from historical VN sequences (Beddor 2009; Ohala 1975) is a classic 
example of a sound change with articulatory conditioning, while the spontaneous devoicing 
of voiced obstruents would be an instance of a change with a fundamentally aerodynamic 
source (the AERODYNAMIC VOICING CONSTRAINT: Ohala 1983; Ohala 2011; Trouvain 2021). 

However, changes may also come about due to perceptual similarity (symmetric or 
asymmetric) between speech sounds, due either to acoustic similarities between the intended 
and perceived utterances and/or biases inherent to the human perceptual system (both 
instances of CHANGE in the typology of Blevins 2004). While all sound change presumably 
requires some type of reconfiguration at some point, whether due to error, cue reweighting, or 
gestural reparsing (see §3 below), here we focus on changes where there is no obvious 
articulatory or aerodynamic antecedent giving rise to acoustic variability. As the existence of 
this category has been called into question (Garrett & Johnson 2013; Recasens 2015) here we 
briefly review several of the most prominent examples of changes where ‘purely’ acoustic-
perceptual factors have been implicated: velar palatalization (2.1), th-fronting (2.2), 
nasalization of aspirates (2.3), and the emergence of labiovelars (2.4) For further examples 
and discussion see Blevins (2004; 2015; 2019), Garrett & Johnson (2013), Recasens (2015), 
Lehnert-Lehouillier (2010; 2013) and references therein. 

 
 
2.1. Velar palatalization 

 
Velar palatalization describes the process by which *k > tʃ (also *g > dʒ), typically before 
front vowels. Several examples are given in (1-3). 

 
1. Palatalization in Old English 
OE cinn [kin] > ME chin 
OE ciese [kiːese] > ME cheese 
 
2. Palatalization in Romance 
Latin centum ['kɛntum] > Ital. cento ['tʃɛnto]   
Latin cantare [kan'taːre] > Old French chanter ['tʃan'ter] (cf. Engl chant) 
 
3. Slavic ‘First Regressive Palatalization’ 
PIE *kers- > OCS černý, Cz černý, Ru черный ‘black’ (cf. Skst. kṛṣṇa ‘Krishna’) 
PIE *kʷetwer- > OCS četyre, Cz čtyři, Ru четыре ‘four’ (cf. Latin quadra-) 
PIE *gʷḗn > OCS žena, Cz žena, Sb жена (cf. ME queen < OE cwēn, Ger Königin) 
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PIE *gʷiH₃wo- > OCS životŭ ‘life’, živŭ ‘alive’, Cz život, Ru жизнь  
(cf. ME quick < OE cwicu ‘alive’) 

 
Notably, this process is asymmetric: [ki] > [tʃi] is common, but the converse [tʃi] > [ki] is 

unattested (Guion 1998). As discussed by Guion as well as Garrett and Johnson (2013), 
gestural blending (i.e., articulatory overlap) is implicated in velar palatalization inasmuch as 
the production of [k] will be affected by the front vowel target. Still, articulatorily fronted 
[kji] is both articulatorily and aerodynamically quite different from an alveopalatal affricate, 
and it is not clear how the incremental change from the use of tongue dorsum to tongue blade 
as the active articulator, together with the addition of a fricative release, are to be motivated 
in purely articulatory terms (Ohala 1992).  

Evidence for this change having a fundamentally acoustic-perceptual basis comes 
primarily from speech perception studies in which a similar asymmetry is observed. 
Following up on suggestions by Ohala (1989; 1992), Guion (1998) showed that noise-
degraded tokens of [ki] were often misheard as [tʃi], but the converse was not true. Guion’s 
findings built on earlier work by Winitz et al. (1972) in which listeners identified plosive 
bursts extracted from [pi] [ti] [ki] sequences. They found that [k(i)] bursts were frequently 
heard as [t(i)], but not the other way round. Later work by Plauché et al. (1997) and Chang et 
al. (2001) showed that addition of a 3 kHz spectral peak (typical of /k/) to a /t/ spectrum did 
not lead to more /k/ percepts. They argued that the perceptual asymmetry arises because, 
while listeners may fail to perceive the spectral peak characterizing /ki/, they are unlikely to 
‘introduce’ it when confronted with an instance of /ti/. They further propose that the fact that 
/ki/ tends to become [tʃi] and not [ti] rests on a reanalysis of aspiration noise as a fricative 
(/ki/ > [khi] > [tʃi], cf. §2.5). 

Garrett and Johnson (2013) problematize the acoustic-perceptual account by (a) noting 
the absence of studies of ongoing changes that document a clear [kji] > [tʃi] shift without any 
intermediate variants, and (b) suggesting that the affrication step could be the result of 
listener-oriented enhancements on the part of the speaker (see §5). Recasens (2015, §1.2.3) 
also suggests an articulatory account, whereby /k/ > /tʃ/ via an intermediate realization of [c], 
may be equally or more plausible.  

 
 

2.2. th-fronting  
 

Unconditioned change of [θ] > [f] (also [ð] > [v]) is a relatively common sound change 
attested in many English and Scots dialects (Wells 1982) as well as in Veneto Italian (Blevins 
2006) and some Oceanic (Blust 2009), Semitic, and Athabaskan languages (Blevins 2019). 
Some examples are given in (4a-d). 

 
4. Examples of th-fronting 

a. Gothic þliuhan > OE flēon ‘flee’ (Jones 2002; disputed) 
b. Cockney English thin [ˈfɪn], brother [ˈbrʌvə] (Wells 1982); also 

Scottish English varieties (Stuart-Smith & Timmins 2006; Schleef & 
Ramsammy 2013), many British English varieties (Britain 2005) 
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c. South Slavey θa > Mountain Slavey fa ‘sand’, θaj ~ fa ‘tent pole’, θɛ- 
~ fɛ- PERFECTIVE (Flynn & Fulop 2014) 

d. Veneto Italian θémena ~ femena (ltal. 'femmina'; Eng. 'woman'); θonc 
~ fonc (cf. Ital. 'fungo', Eng. 'mushroom') (Mackay 1995:xvii) 

 
Observers as early as Sweet (1874: 470) cast doubt on incremental articulatory 

explanations for these correspondences1. A change in active articulator (from tongue tip to 
lower lip) would appear to rule out incremental shift or gestural overlap, and the typically 
context-free nature of the change makes coarticulation an unlikely source. The fact that [θ] is 
asymmetrically misperceived as [f] (Miller & Nicely 1955; McGuire & Babel 2012; Harris 
1958) points towards an acoustic-perceptual trigger. However, unlike velar palatalization, 
most phonetic studies have found relatively symmetric spectral similarities between the two 
sounds (Tabain 1998; Hughes & Halle 1956; Heinz & Stevens 1961; Jongman, Wayland & 
Wong 2000), leaving the typological absence of *f > θ changes unexpected. 

One possible explanation for this asymmetry is that visual cues may play an important 
role in [θ-f] confusions (Miller & Nicely 1955; Jones 2002; McGuire & Babel 2012). 
McGuire and Babel (2012) conducted a multimodal perception experiment in which 
participants identified tokens of /f/ and /θ/ in CV, VC and VCV contexts in three vowel 
contexts. Participants were assigned to one of three blocks: one in which they received only 
audio stimuli, one in which they saw only video stimuli, and one in which they both heard 
and saw the stimuli. Results showed that participants were more sensitive to the contrast in 
the audio-visual condition than in both the audio-only and visual-only conditions, and 
responses for /θ/ were more variable than those for /f/, presumably due to the greater visual 
salience of the /f/ articulation. This supports the suggestion of Jones (2002) that 
listeners/learners may associate the visible lip movement of /f/ with weak frication, and 
summarily deploy it as an articulatory strategy to achieve the spectrally similar frication of 
/θ/.2 

Garrett & Johnson (2013: 71-2) again question the categorical absence of an articulatory 
precursor, suggesting that an intermediate [θʷ] stage may be involved. Although this is on the 
face of it similarly difficult to justify in purely incremental articulatory terms, Flynn and 
Fulop (2014) argue that the labialization enhances an acoustic cue ⟦grave⟧ to interdentals, so 
that this would be a case of actuation by auditory ENHANCEMENT (§4.4), rather than the cause 
being fundamentally acoustic in nature. For further discussion see Garrett & Johnson (2013) 
and Blevins (2019).  

 
 
2.3 Nasalization and aspiration 
 

 
1 “The not unfrequent change of th into f is no doubt purely imitative”. 
2 As noted by Blevins (2019), this account has a further advantage in that it is only available for languages in 
which /f/ already exists as a (visible) articulatory target. This would explain why context-free *θ > f changes are 
nearly always mergers: if there is no /f/ in a language, then there is nothing to cue the articulatory-acoustic 
association, and (correctly) no sound change is predicted. 
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Perceptual origins have also been argued to underlie a number of sound changes 
involving ‘spontaneous nasalization’ in the vicinity of aspirated segments, where there is 
again no immediately obvious articulatory link. Matisoff (1975) describes a number of cases 
of allophonic nasalization of vowels following /h/ and glottal stop, which he terms 
‘rhinoglottophilia’, including in Thai, Lisu, and English; other examples include Hayu 
(Michailovsky 1975) and Arakanese (Bradley 1985). In addition to /h/, voiceless fricatives 
and aspirated plosives are also implicated in spontaneous nasalization, e.g. Hindi [sãp] from 
Sanskrit sarpa ‘snake’ or Hindustani ā̃kh < MIA akkhi ‘eye’ (Grierson 1922: 383). The 
reverse process, where a nasal is lost in the environment of a voiceless fricative, is also 
attested: compare German ~ English pairs like Gans ~ goose or Mund ~ mouth (but Hund ~ 
hound). There are also cases where NC sequences become aspirated Cs (e.g. Sprigg 1987; 
Hill 2007 on NC>Ch in Tibetan varieties). 

The acoustic-perceptual basis for spontaneous nasalization can be traced to the fact that 
the lowered amplitude and increased F1 bandwidth of vowels near voiceless fricatives 
acoustically mimic nasalization, due to the sub-glottal cavity functioning like a branched 
resonator in a similar way that the nasal cavity does in the production of nasalized sounds. 
Similarly, nasal effacement (as in goose from Gans) may come about when listeners parse the 
nasalization as a contextually predictable coarticulatory effect and discount the nasal(ization) 
entirely (see §3). Experimental evidence supporting this account comes from Ohala & Busà 
(1995), who showed that /-VNC/ sequences are judged as /-VC/ more often when C is a 
voiceless fricative than when it is a voiced fricative or voiceless plosive. 

However, the similar acoustic effects of nasalization and aspiration also makes it 
challenging to determine their articulatory source from acoustic data alone. Johnson (2019) 
studied spontaneous nasalization in Thai using a combination of electroglottography, oral 
airflow, and high-speed MRI. She found that syllables with /h-/ onsets are produced with 
greater velum opening than syllables with glottal stop onsets, and also that nasal airflow 
during /hV/ syllables is greater during the /h/ than the following V. At least in Thai, then, 
velopharyngeal underspecification of /h/ -- an articulatory bias -- may thus be the ultimate 
origin of spontaneous nasalization, with the nasal percept enhanced by the acoustic 
consequences of breathiness (Klatt & Klatt 1990). 

 
 
2.4 Asymmetric sound changes involving labiovelar approximants 
 

Ohala & Lorentz (1977) note that when /w/ becomes a nasal or when it functions as a target 
of place assimilation for a nasal, it nearly always behaves as a velar, rather than as a labial 
segment; but when it becomes a fricative or functions as place assimilation target for a 
fricative, it nearly always behaves as a labial. Their article provides a large number of 
references; we provide just a few examples of /w/ behaving like a velar when targeted by a 
nasal (5) and /w/ behaving as a labial when targeted by a fricative (6a-c). 

 
 
5. Place assimilation of nasal in causative prefix /bɑN-/ in Khmer 

(/N/ realized as [ŋ] before velars but also /h r ʔ w/) 
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e"#$ង /paoŋ/ ‘to be swollen’  ប'e"#$ង [bɑmpaoŋ] ‘to inflate’ 

eក)ត /kaət/ ‘to be born’   បeង+)ត [bɑŋkaət] ‘to give birth’ 

វiល /wəl/ ‘to revolve’   បង/iល [bɑŋwəl] ‘to turn something around’ 

 
6. Examples of /w/ behaving as a labial when targeted by a fricative 

a. Cham: /w/ alternates with /v/ [rəwəŋ – rəvəŋ] or with /β/ [βai̯ʔ ~ wai̯ʔ] (Blood 
1967) 

b. Jeh: /w/ alternates with /β/ syllable-initially (Gradin 1966) 
c. Hungarian: bilabial *w became labiodental /v/ in Western dialects around 13c. 

(Kálmán 1972: 55): *wāšār > vāšār <vásár> ‘market’, *köwek > kövek 
<kövek> ‘stones’  

 
As Ohala & Lorentz (1977)  explain, both patterns have relatively straightforward 

acoustic explanations. The first case (/w/ covarying with velar, rather than bilabial nasals) has 
to do with nature of resonances and anti-resonances of the vocal tract (Fant 1960). Figure 1 
illustrates the different schematic vocal tract configurations for /m n ŋ w/. The frequencies of 
the anti-resonances which are the primary acoustic feature distinguishing place of articulation 
in nasals depend on the length of the oral cavity which functions as a branching resonator of 
the pharyngeal-nasal airway. While labiovelar /w/ has two constrictions, it is only the back 
(velar) constriction which determines the length of the branching tube. As a result, the 
acoustic profile of (nasalized) /w/ is more similar to /ŋ/ than to any other nasal.  

 

 
Figure 1: schematic representation of vocal tract configurations for /m/, /n/, /ŋ/ and (nasalized) /w/. Solid arrows indicate 
airflow contributing resonances;dotted arrows indicate anti-resonances. After Ohala and Lorentz (1977), Figure 2. 
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Ohala & Lorentz list a number of factors which might contribute to the tendency for /w/ 

to act as a labial rather than a velar fricative, the most important of which is that multiple 
constrictions are involved in the articulation of /w/. When /w/ is fricativized, frication noise 
will be generated at two sources, the labial constriction and the velar constriction. It is the 
spectral qualities of the frication noise that provide the acoustic clues to the place of the 
constriction. In the case of fricativized /w/, the noise generated at the velar constriction will 
be attenuated by having to pass through the narrow labial constriction, but the noise 
generated at the downstream labial constriction will not be so attenuated, making these more 
perceptible. A corollary of this account is that labiovelar plosives will be more likely to 
develop into labial, rather than velar plosives, which finds support in sound changes such as 
*kʷ > p in e.g. Latin equus > Greek hippos. 

 
 
2.5.  Do changes ever have a purely acoustic-perceptual basis? 
 

As noted in the preceding sections, Garrett & Johnson (2013) have questioned the existence 
of this entire category of sound changes (but cf. Recasens 2015 and especially Blevins 2019). 
Their primary argument centers on the lack of studies conclusively establishing the absence 
of articulatorily intermediate variants. However, as all the preceding examples have made 
clear, it is rarely possible to isolate acoustic-perceptual factors as the unambiguous and sole 
locus of a sound change. To take one final example, it has long been noted that in the Phnom 
Penh dialect of Khmer (Cambodian), words with /Cr/ onset clusters in the standard/literary 
language are produced without /r/ but with a low or falling pitch (Noss 1966; Huffman 1967; 
Kirby 2014a; Wayland & Guion 2005). Wayland and Guion (2005) showed that the loss of /r/ 
was accompanied by aspiration, a falling-rising pitch contour, and a change in vowel quality. 
Kirby (2014a) showed further that there were significant differences in spectral tilt, and that 
while aspiration, voice quality, and above all F0 differences contributed to the perception of 
the contrast, vowel quality (height) did not.  

Wayland & Guion (2005) argued that the catalyst for this change was fundamentally 
aerodynamic: the propose that devoicing of /r/ conditioned a drop in transglottal airflow and, 
as a result, reduced rate of vocal fold vibration and a resultant falling f0 contour, which may 
then have subsequently been reanalyzed by listeners as a falling tone. Thus, at its core, this 
would be a non-perceptual account of actuation.  However, Wayland & Guion’s account 
leaves the vowel quality differences unexplained, and while they may not be parsed as cues to 
this contrast, they are extremely acoustically salient. On this basis, Kirby (2014a) argued that 
the explanation is fundamentally acoustic in nature: aspiration resulting from the devoicing of 
the trill may have created a percept of breathy voicing on the following vowel, which 
conditions both the percept F1 lowering (resulting in vowel raising) and f0 (resulting in pitch 
lowering). However, the trajectory of this change in other dialects points to a more nuanced 
interaction between articulatory, aerodynamic, and acoustic-perceptual bias factors; see Kirby 
& Giang (2017) and WBCDL076 (§3.1).  
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3. Perception, production, and gestural parsing 

 
As defined in §1, sound change – a change in a pronunciation norm – is initiated when 
listeners cease to parse together phonetic cause and effect. In §2, we have reviewed changes 
in which both phonetic cause and effect are acoustic-perceptual, but in many more cases, 
regular sound change involves some form of COARTICULATION whereby the gestures involved 
in the production of two speech sounds influence one another in time. To understand how 
changes in parsing can come about, in §3.1 we first provide a brief overview of how phonetic 
variation and sound change are linked in a gestural model of speech production. We then 
consider in §3.2 and §3.3 how perceptual parsing (and perhaps mis-parsing) of gestures can 
lead to sound change. 

 
3.1. Articulatory phonology: gestural overlap, blending, and spatial reduction 
 

An account of coarticulation as the overlap and blending of articulators from sounds in 
sequence goes back to Joos (1948) and the pioneering empirical research by Öhman (1966; 
1967). These ideas have contributed to the foundations of ARTICULATORY PHONOLOGY 
(Browman & Goldstein 1986; Browman & Goldstein 1989; Browman & Goldstein 1992; 
Pouplier & Goldstein 2010) which seeks to provide a unified explanation of diverse types of 
synchronic variation in connected speech including assimilation, deletion, and weakening.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Idealized scheme of resynchronization of the closure with the voiceless interval in Andalusian 
Spanish /s/-aspiration. The solid line is the glottal gesture, where low values stand for an open glottis 
and hence voicelessness, the dashed line is the oral constriction gesture of the voiceless plosive, where 
the minimum of the curve indicates maximal closure. From Cronenberg et al (2020). 
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In articulatory phonology (AP), gestures are autonomous and can vary in their relative 
phasing. Fig. 2 shows a gestural model of speech in which the gestures of glottal opening and 
a stop closure are variably phased. This model has been applied to a sound change in 
Andalusian Spanish in which pre-aspirated stops, characteristic of older and East Andalusian 
speakers, are becoming post-aspirated, typically in younger and West Andalusian speakers 
(Herrero de Haro & Hajek 2022; O’Neill 2010; Ruch 2018; Ruch & Harrington 2014; Ruch 
& Peters 2016; Torreira 2012): thus, /pahta/ →/patha/ or /patsa/ (pasta) which contrasts with 
an unaspirated, intervocalic singleton stop /t/ (e.g., /pata/, paw). There is also some evidence 
for a pre- to post-aspiration change synchronically in a faster speaking style (Parrell 2012). 
These synchronic and diachronic changes can be modelled as a re-phasing of a closure 
gesture for /t/ relative to an unchanging open glottal gesture for voicelessness (Cronenberg et 
al. 2020; Parrell 2012). A progressively earlier phasing of the closure leads to less pre- and 
more post-aspiration. From this perspective, the articulatory prominences of pre- and post-
aspiration stand in an inverse relationship to each other. This inverse relationship can then 
form the basis for a so-called perceptual trading relationship (Repp 1982) between these two 
cues (see §3.3) that are connected by gestural phasing. 

Three further examples in which synchronic variation and sound change are linked by the 
variable phasing of different sets of articulator gestures include: 

 
- Increasing anticipatory coarticulatory nasalization (Bell‐Berti & Krakow 1991; Cohn 

1990; Cohn 1993; Delvaux, Metens & Soquet 2002; Delvaux et al. 2008; Kent, 
Carney & Severeid 1974; Solé 1992; Solé 1995; Moll & Daniloff 1971) in VN 
rhymes (e.g., /æn/ in pan, pan’s, pant, panned) has been modelled as a velum gesture 
that is stable in both time and space but that is phased earlier with respect to the 
tongue dorsum gesture for the V (Beddor 2007; Beddor et al. 2013; Beddor 2009; 
Beddor 2012). This earlier phasing has been argued to form the basis of the sound 
change by which the V can be completely nasalized as the following N weakens and 
is lost (e.g., the development of French son ‘sound’, /sõ/, from Latin sonus; cf. Italian 
suono).  
 

- The deletion or partial deletion of consonants in clusters such as the /t/ in perfect 
memory has been modelled by an earlier phasing of the labial gesture for /m/ which 
overlaps and therefore hides the tongue tip gesture of /t/ (Browman & Goldstein 
1990). Synchronically, there is evidence from Georgian (Chitoran, Goldstein & Byrd 
2008) that speakers avoid a too close phasing of C1C2 clusters when the place of 
articulation of C1 is further back than that of C2 precisely because the release of C1 
would be masked perceptually by an early phasing of the C2-closure. This gestural 
hiding in clusters is the likely physiological origin of sound changes such as Italian 
notte < Latin noct- ‘night’ or immaculate, Latin immaculatus < in + maculatus 
‘spotted, stained’.  
 

- Oral stop insertion (Ohala 1997), e.g., the variable production of warmth with or 
without a /p/ corresponds to variation in the gestural phasing of the velum and stop 
closure gestures: a voiceless bilabial stop /p/ is produced if the stop release is late 
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relative to the time of velum lowering for /m/. Sound changes associated with this 
type of variation include labial insertions in e.g., empty (< Old English ‘amtig’), 
humble (cf. humility), nimble (< Old English ‘næmel’) and in French chambre (cf. 
Italian and Latin camera).  

 
The preceding examples are of synchronic-diachronic connections for gestures involving 

different sets of articulators. When a sequence of sounds is produced with predominantly the 
same articulator, then they are in competition: the outcome can be some form of blending or 
averaging (de Jong, Beckman & Edwards 1993; Recasens 2019; Fowler & Saltzman 1993; 
Romero 1996). Some examples of synchronic and diachronic variation due to gestural 
blending include: 

 
- /u/-fronting (Alderton 2020; Bauer 1985; Fridland 2008; Harrington, Kleber & 

Reubold 2008; Hawkins & Midgley 2005; Kataoka 2011; Labov, Ash & Boberg 
2006) in which for e.g., German tut (does), opposing forces act on the tongue dorsum 
for its retraction due the back vowel /u/ and its advancement due to the tongue tip 
articulations of the consonants (Flemming 2003; Flemming 2004; Öhman 1966). /u/-
fronting as a sound change in progress is well-documented and could be associated 
with the relatively high frequency of /u/ in a fronting context (feud, tune, viewed, too, 
etc.: e.g., Harrington 2007). 
 

- /s/-retraction in clusters in English varieties with a post-alveolar approximant (e.g, 
street) which derives from competing demands on the tongue tip between alveolar-
dental and post-alveolar places of articulation. This synchronic variation has become a 
sound change in progress in some American (e.g., Baker, Archangeli & Mielke 2011; 
Lawrence 2000; Rutter 2011; Shapiro 1995), Australian (Stevens & Harrington 2016) 
and New Zealand (Warren 2006) English varieties. 
 

- Synchronic transconsonantal (VCV) vowel coarticulation is well documented (Cole et 
al. 2010; Hoole & Pouplier 2017; Öhman 1966). An associated sound change is 
metaphony in some varieties of Italian (Loporcaro 2016; Savoia & Maiden 1997) and 
umlaut in German (Iverson & Salmons 2003; Kiparsky 2015; Penzl 1949; Twaddell 
1938) as in e.g., /mɛçtɪç/ mächtig ‘mighty’ derived from Proto-Germanic *mahtiga-. 
The articulatory competition in this example from German is between the low and 
high jaw positions for /a/ and /i/ respectively resulting in an /ɛ/ mid vowel in the stem 
of the present-day form. 

 
AP also models spatial reduction through various mechanisms such as gestural rescaling and 
truncation (Carignan et al. 2021; Harrington, Fletcher & Roberts 1995). Synchronically, 
spatial reduction is shown by the weakening and lenition of consonants often in prosodically 
weak and intervocalic positions (Beckman et al. 1992) and diachronically by the lenition of 
intervocalic stops (Hualde, Simonet & Nadeu 2011; Torreira & Ernestus 2011) and fricatives 
(Hualde & Prieto 2014) in Spanish, and of voiced stops in English (e.g., English daisy < Old 
English dæges eage ‘day’s eye’). 
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3.2 Gestural parsing: from articulatory variation to categorical change 
 

There is, however, more to sound change than variation in gestural phasing and magnitude: at 
some point there must be a change in how gestures are categorized. This point is explicitly 
made by Browman and Goldstein (1991: 327) in their analyses of some sound changes that 
“cannot be completely accounted for by the principles of gestural reduction and increase in 
overlap.” In one of their examples by which /lu:s/ changed to /ly:/ in Tibetan, they comment 
that “[a]s the alveolar fricative gesture is deleted, the constriction location of the tongue body 
gesture is recategorized as palatal rather than velar”. Browman and Goldstein (1991) suggest 
that re-categorization in such cases comes about because listeners fail to recover the speech 
production gestures from the speech signal.  There is a similar perceptual interpretation in 
Beckman et al’s (1992) analysis of changes due to prosodic weakening: they suggest, for 
example, that the diachronic reduction of ‘chocolate’ to two syllables may have come about 
because the medial weak vowel comes to be misinterpreted by the listener as part of the 
release of the /k/. 

This idea that sound change is driven by the listener’s parsing error is central to Ohala’s 
(1981; 1993a; 2005; 2012) conception of sound change. As discussed above, in some 
varieties of English the /s/ in /str/ clusters tends towards post-alveolar because of the 
anticipatory coarticulatory influence of the retracted tongue-tip for /r/. Acoustically, tongue 
tip retraction causes a lowering of the spectral center of gravity of /s/ (Jongman, Wayland & 
Wong 2000; Koenig et al. 2013; Stevens 1971). This acoustic shift has the consequence that 
when an /s/ is decontextualized by excising it acoustically from words like string, then it 
sounds slightly more like /ʃ/ (Stevens & Harrington 2016) given that spectral center of gravity 
lowering is also one of the main cues for the /s/ ~ /ʃ/ distinction (Stevens 1971) . But listeners 
according to Ohala's (1993a) model would typically perceive the same /s/ in string and in 
words like sting for which there is no post-alveolar context. This is because in perceiving 
string, it is assumed that listeners normalize perceptually for context (Mann & Repp 1980): 
that is, they attribute the spectral center of gravity lowering to the anticipatory influence of 
the /r/ and factor perceptually its contextual influence from /s/ (see Fowler & Smith 1986; 
Fowler & Thompson 2010 for an analogous explanation in terms of the direct perception of 
gestures). If, according to Ohala's model, listeners fail to normalize for context, then the 
coarticulatory influence is no longer attributed to the post-alveolar approximant and so 
becomes attached to the /s/. In AP terms, the gestural score under such circumstances 
defining the place of articulation changes categorically from alveolar to post-alveolar. 

The categorical change in the above example of the /s/ → /ʃ/ sound change in string 
comes about because a listener under-compensates, i.e. normalizes insufficiently for context. 
By contrast, in sound changes due to dissimilation (Alderete & Frisch 2007; see Abrego-
Collier 2013; Harrington, Kleber & Stevens 2016; Jatteau & Hejná 2016 for related 
experimental analyses), listeners might over-compensate for coarticulation: that is, they 
attribute too much of the variation in the speech signal to the coarticulatory source.  For 
example, in the sound change from pre-Shona /kumwa/ to Shona /kumɣa/ (Browman & 
Goldstein 1991; Guthrie 1967; Ohala 1981), the lip-rounding in the second consonant of the 
medial cluster is, according to Ohala's model, incorrectly attributed by the listener to a 
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coarticulatory carryover effect from /m/ and so is factored out from the labial-velar /w/ 
leaving a plain velar /ɣ/.  

The emergence of sound change from phonetic variation requires not only the listener to 
make a mistake in gestural parsing (which according to Ohala happens only rarely) but also 
for the listener to produce the perceived error (e.g., to produce string with /ʃ/) and for this to 
be copied by others. The model therefore correctly predicts that while phonetic variation is 
ubiquitous, sound change - requiring a succession of improbable stages from (i) the 
application of a listener error to (ii) the replication of the error in the production of the same 
listener to (iii) the copying of this error by others - is very unlikely to occur. 

 
 
3.3. Sound change and listener variation in parsing strategies 
 

A Necker cube and Rubin’s vase are visually bistable because in both the viewer flips 
categorically between two possibilities (e.g., different 3D-perspectives in the former; either a 
vase or two faces in the latter). Just this type of categorical switch is suggested to the listener 
on the brink of parsing correctly or incorrectly the speaker’s gestures in ambiguous speech 
production signals in Ohala’s model: thus, the listener flips between hearing a non-retracted 
or retracted /s/ in string. From this it follows that the emergence of sound change from 
phonetic variation is abrupt in Ohala's model (see Ohala 1993a): in the string example, one 
variant [s] is exchanged for a categorically different variant [s̠] and is not gradual (in which 
[s] within the same speaker morphs over time into [s̠]).  

In other models by contrast, notably those of Beddor and colleagues (Beddor et al. 2013; 
Beddor et al. 2018) as well as those based on exemplar theory (Pierrehumbert 2001; Todd, 
Pierrehumbert & Hay 2019), sound change is predicted to emerge continually within the 
same individual rather than due to a switch between categorically different variants. 
Moreover, both models distance themselves from Ohala’s idea that sound charge is caused by 
any kind of error.  

The progression from continuous phonetic variation to a categorical change in Beddor's 
model of sound change also has its origins in speech perception and its relationship to 
gestures in articulatory phonology. Beddor's model is especially relevant for a particular class 
of sound change whose outcome is TRANSPHONOLOGIZATION (Hyman 2013; Hyman 1976; 
Kiparsky 2015). These are sound changes in which the cues are transferred from a 
coarticulatory source to a coarticulatory effect often leading to the loss or near loss of the 
source. They include umlaut and metaphony that have their origins in trans-consonantal 
vowel coarticulation (see §3.1); the compensatory lengthening of vowels due to loss of 
following consonants (Kavitskaya 2001); and (the main focus of Beddor's model) the 
phonologization of nasalization in VN sequences in which an oral-nasal contrast develops in 
the vowel with potentially the complete loss of the N (see §3.1). 

The perceptual mechanisms in Beddor's model that provide the foundations for phonetic 
variation to develop into sound change are firstly that listeners are attuned to, and make use 
of, coarticulatory information for processing the speech signal into categories (Alfonso & 
Baer 1982; Beddor et al. 2013; Connine & Darnieder 2009; Martin & Bunnell 1981); and 
secondly that listeners often only compensate for coarticulation partially (Beddor, 
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Harnsberger & Lindemann 2002; Beddor 2009; Fowler & Brown 2000; Yu & Lee 2014; 
Zellou 2017; Zellou, Cohn & Block 2021; Zellou, Barreda & Ferenc Segedin 2020).  This 
idea that listeners compensate partially for coarticulation is a departure from Ohala's model in 
which compensation for coarticulation takes place completely (in which case there is no 
sound change) or not at all (leading potentially to sound change). In their analysis of 
perceived nasalization of vowels in an NVN context, Beddor & Krakow (1999) reasoned that 
if listeners compensated completely for coarticulation, then a nasalized V perceived in an 
N_N context should sound completely oral (if listeners attribute all the nasalization to the N 
context). But Beddor & Krakow (1999) shows that some listeners nevertheless hear the vowel 
as slightly nasal in the N_N context, which points to a partial compensation: that is, not all 
the nasalization is parsed with the N contexts that gave rise to it.  

Partial compensation on its own need not lead to sound change. The conditions for 
phonetic variation to turn into a categorical change are instead more likely to be met when a 
perceptual trading relationship (Pisoni & Luce 1987; Repp 1982) begins to develop between 
the coarticulatory source and effect. A trading relationship is a mechanism in speech 
perception by which listeners can flexibly weight perceptual cues in relation to their strength 
in the speech signal (Beddor 2012; Beddor 2015; Chandrasekaran, Sampath & Wong 2010; 
Clayards 2018; Kim & Clayards 2019; Schertz et al. 2015). With regard to a stop voicing 
contrast for example, studies show that if the voice onset time (VOT) cue is compromised, 
then listeners pay increasing attention to f0 cues at the onset of the vowel for identifying the 
distinction between voiced and voiceless stops (Whalen et al. 1993). The perceptual catalyst 
for a categorical sound change is that listeners pay greater attention to one of the cues (e.g., 
f0) and, because of the trade-off relationship, increasingly less to the other cue (VOT) with 
which it trades. Applied to nasalization, an increasingly skewed trading relationship of this 
kind means that listeners pay almost exclusive attention to coarticulatory nasalization in the 
V and virtually none to the (inherent) nasalization in the following N. 

For the sound change to progress, a correspondingly skewed relationship must obtain not 
only in perception but also in production. The development of an inverse relationship 
between coarticulatory effect and source is demonstrated in the various analyses of Beddor 
and colleagues by comparing contexts in which this sound change is more or less likely to 
occur. As various studies have shown, the phonologization of nasalization is more likely 
when the nasal precedes a voiceless consonant in VNC̥ contexts like bent than a voiced VNC̬ 
contexts like bend (Busà 2007; Hajek 1997; Ohala & Ohala 1991; Ruhlen 1978; Tuttle 1991; 
Sampson 1999). This is because nasalization and a following voiceless consonant are less 
compatible. Nasalization causes the presence of low frequency energy (Fujimura 1962; 
House & Stevens 1956) whereas the perception of a voiceless consonant requires its absence 
(Ohala & Ohala 1991; Ohala & Ohala 1993). This acoustic incompatibly is likely to be one 
the factors that contributes both to the relative scarcity of NC̥ clusters in the languages of the 
world (Itô & Mester 1986; Pater 1999; see Carignan et al. 2021 for a more detailed review)  
as well as to the diachronic loss of nasal consonants before voiceless consonants, especially 
voiceless fricatives with high frequency energy (e.g., English institute, Italian istituto; 
German Insel, Latin insula, but English island and Italian isola; English wish, German 
Wunsch etc.). Beddor's studies show that there is a greater skewed relationship towards the 
coarticulatory effect in VN preceding voiceless than voiced consonants in both perception 
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and production (Beddor 2012; Beddor et al. 2018). Thus, an eye-tracking study (Beddor et al. 
2013) shows that listeners pay much more attention to nasalization in the vowel for 
distinguishing e.g., sent from set than send from said. Compatibly, the duration of vowel 
nasalization in production is greater while that of the N is less in words of the 'sent' than the 
'send' type (see also Carignan et al. 2021 showing that the size of the N gesture is less in 
German voiceless NC̥ than voiced NC̬ clusters). 

Some studies are also beginning to show an analogous relationship between perception 
and production at the level of the individual. Thus, there is now some evidence that 
'innovative' individuals at the forefront of sound change are both more sensitive perceptually 
to the presence of nasalization in the vowel and have more extensive vowel nasalization in 
their own productions. This relationship at the level of the individual has been demonstrated 
for (i) coarticulatory nasalization by Beddor et al (2013; 2018) and by Zellou (2017) (ii) the 
extent to which f0 and Voice Onset Time co-vary with respect to an ongoing tonogenesis 
sound change in two varieties of Afrikaans by Coetzee et al (2022), and (iii) in a study by Yu 
(2019) concerned with the relationship between categorizing /s/ and /ʃ/ in perception in two 
vowel contexts and measuring the contextual influence of same two vowels on the sibilants in 
production. On the other hand, this type of production-perception relationship at the level of 
the individual was found neither in Grosvald's (2009) study of long-distance anticipatory 
vowel-to-vowel coarticulation nor in Kataoka's (2011) analysis of the coarticulatory influence 
of /t/ on /u/-fronting. In recent comprehensive survey of cue weighting in perception and 
production, Scherz & Clare (2020: 18) conclude that, while the sensitivity in perceiving cues 
is well matched to the extent to which they are manifested in production at a group level, “it 
has proven difficult to understand the relationship between them on an individual level. Even 
those studies that have found evidence of a direct relationship did not find it in all of the 
expected places.” (See also the review of sound change in Harrington et al. 2019 for a similar 
conclusion). 

 
 

4. Enhancement 
 
A persistent puzzle in the study of sound change is explaining why phonetic biases, acoustic-
perceptual or otherwise, do not inevitably or inexorably lead to sound change. At some stage, 
some intrinsic phonetic biases become PHONOLOGIZED, i.e. “exaggerated to such an extent 
that [they] cannot be entirely predicted on the basis of the universal effect” of the bias 
(Hyman 1976: 408). For instance, in many languages, F0 is perturbed upward following 
syllable-initial voiceless obstruents (House & Fairbanks 1953; Lehiste & Peterson 1961; 
Kohler 1982; Hanson 2009; Chen 2011; Dmitrieva et al. 2015; Xu & Xu 2021). In languages 
where this intrinsic effect has been phonologized and where it constitutes the sole or primary 
cue to the laryngeal contrast, such as Afrikaans (Coetzee et al. 2018), Eastern Kmhmu’ 
(Svantesson & House 2006; Kirby, Pittayaporn & Brunelle 2023) or Malagasy (Howe 2017), 
the magnitude and temporal extent of the effect is far greater than in languages where it has 
not been phonologized (Hombert, Ohala & Ewan 1979; Solé 1992; Solé 1995; Solé 2007). 
What is less clear is what, exactly, underlies this exaggeration. One line of explanation which 
is frequently invoked is that of ENHANCEMENT, but this term is used to mean slightly different 
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things by different researchers. In particular, the target of enhancement is not always made 
explicit: are speakers aiming to exaggerate particular gestures, acoustic targets which are 
diagnostic of a particular category, or something more abstract, like the contrast itself? In this 
section, we review several understandings of enhancement (featural, auditory, articulatory, 
adaptive), with the aim of orienting readers towards the different uses of the term in the 
literature. 

 
 
4.1. Phonetic (featural) enhancement 
 
In many contexts, enhancement refers to enhancement of a contrast: when the phonetic 

cues to a phonological contrast are for whatever reason not sufficiently perceptually 
recoverable, additional cues to the contrast may be produced. Stevens & Keyser (1989) use 
the term PHONETIC ENHANCEMENT to refer to changes in pronunciation which highlight the 
‘phonetic essence’ of a distinctive feature. This typically takes the form of a secondary, 
enhancing gesture being superimposed on the primary, defining gesture. For example, lip 
rounding is regarded as an enhancing feature applied to the production of [ʃ], because it 
contributes to a lowering of F3, thereby increasing the acoustic distance between [s] and [ʃ] 
(what Keyser & Stevens regard as an enhancement of the feature [-anterior]). Phonetic 
enhancement can also involve the introduction a new, potentially context-sensitive acoustic 
property unrelated to the acoustic property of the defining feature. On this view, the co-
intrinsic pitch perturbations which accompanying the production of [-voice] consonants in 
many languages are an enhancement of the defining feature [+stiff vocal folds] (Stevens & 
Keyser 2010). Prenasalization of [+voice] consonants may be similarly regarded as an 
enhancement of the [voice] contrast (Keyser & Stevens 2006).  

The essential aspects of this type of enhancement are (a) that it enhances a contrast, not a 
particular articulatory or acoustic dimension and (b) it presupposes a dichotomy on which all 
features are either universally primary or universally secondary. Other approaches, such as 
Hall’s (2011; 2007) CONTRAST AND ENHANCEMENT THEORY, relax this second assumption. 
On Hall’s approach, phonological features in a given language are organized hierarchically 
(Dresher 2009), meaning that the same phoneme may be specified for a given feature in one 
language but not another. For example, there are two feature hierarchies for the inventory [i a 
u]: in one, [a] is specified as [+low, +back], but in the other, [a] has no specification for 
backness (Hall 2011: 13). Accordingly, under this system, this phoneme would only be 
predicted to be a target of a phonetic enhancement such as lip rounding if it is specified for 
[+back] in a particular language. In other words, enhancement is still conceived of as 
targeting phonological features, but their language-specific hierarchical organization provides 
a mechanism for predicting which feature will be enhanced in a particular language (cf. §4.4).  

 
 
4.2. Articulatory enhancement 
 

Garrett & Johnson (2013) use enhancement to refer broadly to “processes by which a 
relatively small initial bias effect is amplified to its eventual categorical result” (2013: 78). 
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They distinguish two types of enhancement, ARTICULATORY and AUDITORY. Auditory 
enhancement, discussed in §4.3 below, involves the addition of a new gesture; Garrett & 
Johnson restrict articulatory enhancement to mean a shift in gestural magnitude and/or 
temporal realignment of an existing gesture. They give the example of a shift in the 
magnitude by which /u/ is fronted to [y] in a /uCi/ sequence (umlaut); the phonologization of 
co-intrinsic pitch in languages like Afrikaans (Coetzee et al. 2018) could also be classified as 
articulatory enhancement, because it targets the magnitude of an existing gesture (or gestural 
complex). 

The Andalusian Spanish sound change mentioned in §3.1, whereby pre-aspirated plosives 
become post-aspirated, could be regarded as an example of articulatory enhancement by way 
of temporal realignment, because the aspiration feature has shifted to a more perceptually 
salient position (e.g., Ruch & Harrington 2014). The centralization of /aɪ/ > /ʌɪ/ before 
voiceless consonants characteristic of many varieties of English (Moreton 2021) provides 
another example of enhancement by means of temporal realignment: as argued by Moreton 
and Thomas (2007), this effect began as a phonetic bias affecting the offglide and only later 
spread to nucleus.  

Although a contrastive distinction may be thus perceptually enhanced, the Garrett & 
Johnson conception of articulatory enhancement differs subtly from that of Keyser & 
Stevens: for Keyser & Stevens, enhancement can be change in pronunciation that aids in the 
recovery of a ‘primary property’, whereas for Garrett & Johnson, enhancement is seen as 
applying to a particular gesture.  

 
 
 
 
4.3. Auditory enhancement 
  

The term AUDITORY ENHANCEMENT seems to be used in (at least) two senses. The first sense 
refers to the AUDITORY ENHANCEMENT HYPOTHESIS of Kingston, Diehl, and colleagues (Diehl 
& Kluender 1989; Kingston & Diehl 1994; Kingston et al. 2008; Diehl 2008; Diehl 2011). 
The Auditory Enhancement Hypothesis proposes that sound systems tend to be characterized 
by combinations of articulatory properties that have mutually reinforcing effects on particular 
acoustic-auditory properties. Cues which reinforce a particular auditory effect are referred to 
as enhancing. For instance, the high back vowel /u/ is characterized acoustically by both a 
low F1 and low F2. Hyperarticulated tokens of /u/ will tend to be produced with a range of 
seemingly unrelated articulatory accompaniments, including lip protrusion, larynx lowering, 
and greater velar constriction, all of which have the effect of lowering F1 and/or F2 (Fant 
1960). However, the observed range of seemingly disparate articulatory maneuvers deployed 
can be explained by the fact that they all contribute to increasing the salience of the acoustic 
properties most characteristic of the category. A similar example is provided by the various 
cues to the [voice] contrast. Low F1 and f0 near the constriction interval and glottal pulsing 
during the closure phase are all typical acoustic correlates of [+voice] segments (Stevens & 
Blumstein 1981), and have been demonstrated to trade with one another in cueing the 
perception of [+voice] segments (Kingston et al. 2008). On this approach, enhancement is 
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fundamentally listener-oriented, in the sense that auditory distinctiveness is taken to be a 
desirable property of communicative signaling systems, and thus that sound systems which 
display such properties will be more common than those that do not. 

Garrett & Johnson (2013) use the term auditory enhancement to refer to the introduction 
of a new articulatory feature with the aim of increasing the auditory salience of an existing 
contrast (2013: Sec. 3.5.1). It differs from their articulatory enhancement (§3.2) in that it 
involves the introduction of a new feature, rather than exaggeration or realignment of an 
existing one (cf. Stevens & Keyser 2010, Sec. 3). In addition to the classic example of lip 
rounding enhancing the salience of the [back] contrast in vowels (Liljencrants & Lindblom 
1972), they mention several other possible examples, such as prenasalization as an 
enhancement to voicing and labialization enhancing properties relevant to the perception of 
[θ] (cf. §4.1 and §2.2, respectively). While closely related to Kingston & Diehl’s notion of 
auditory enhancement, Garrett & Johnson remain agnostic as to whether auditory 
enhancements involve a functional, listener-oriented calculation on the part of the speaker, or 
whether they arise by chance but are more likely to be propagated because they are more 
likely to be retained in listener’s memories (cf. §4.5). 

 
 
4.4. Probabilistic enhancement 
 

Kirby (2010; 2013; 2014b), building on previous functional approaches including Lindblom 
(1990), Boersma (1998), and Flemming (2001), develops a listener-oriented notion of 
PROBABILISTIC ENHANCEMENT, which predicts that talkers enhance particular acoustic 
dimensions based on their assessment of the listener’s informational needs. This proposal 
bears many similarities to Lindblom’s H&H theory (1990), which predicts that talkers 
hyperarticulate in contexts where the listener’s informational needs are deemed to be high, 
but extends this to make (probabilistic) predictions about precisely which acoustic dimension 
the talker will target based on a cue’s distributional INFORMATIVENESS in terms of signaling 
the phonetic contrast (see also Clayards 2008). Like Garrett & Johnson’s notion of 
articulatory enhancement (§4.2), this involves strengthening of a contrast through 
emphasizing a redundant cue, but it also provides a mechanism for predicting when 
actuation/initiation is likely: namely, in settings under which (due e.g. to bias factors of the 
types discussed in §2) the perceptibility of the contrast is threatened. Examples of sound 
changes for which adaptive enhancement provides a compelling account include the 
phonologization of F0 in Seoul Korean (Kirby 2013; Bang et al. 2018) and the 
phonologisation of vowel duration and nasalised /æ/ in Australian English (Cox & Palethorpe 
2014). 

In terms of helping to understand how redundant cues are exaggerated, probabilistic 
enhancement predicts that bias affecting production are fundamentally ‘responsible’ for 
enhancement of the secondary/redundant cues which ultimately become phonologized. 
However, the actual locus of enhancement is the speaker. The primary innovation of 
probabilistic enhancement is that it provides a mechanism for identifying which acoustic 
dimensions will be targeted for enhancement (in the sense of §4.2) and by how much they are 
predicted to be enhanced, as well as why other cues typically aren’t targeted for enhancement 

Page 17 of 37

John Wiley & Sons, Ltd

The Wiley Blackwell Companion to Diachronic Linguistics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

(see also Garrett 2015). While not intended as a general theory of sound change, probabilistic 
enhancement suggests a more fine-grained understanding of how changes might unfold over 
time. 
 
 

4.5.  Passive enhancement 
 

It has also been proposed that listener-driven enhancements need not be ‘listener-oriented’, 
i.e. attributable to an assessment of communicative need, but can instead be passive in nature. 
Silverman (2006) discusses the phonetic underpinnings of labial spreading in Trique, 
whereby historical *uka > ukʷa, but *uta > uta. He argues that the spreading of labiality 
increases the acoustic distinction between velars and alveolars: the F2 transition is sharply 
falling out of the alveolar plosive and only shallowly falling following velars, while both /kʷ/ 
and /tʷ/ have rising F2 transitions. Therefore, the acoustic distance between /kʷ/ ~ /t/ is 
greater than /k/ ~ /tʷ/ would be, which Silverman argues explains the targeting/restriction of 
spreading to the velar context. The results of an accompanying identification experiment 
indicate that the overall extent of confusability correlates with F2 similarity: while the 
presence vs. absence of a glide were easily perceived, confusion in terms of place of 
articulation was greatest when labiality was present. 

Silverman argues that this enhancement does not originate with a listener-oriented 
enhancement on the part of the speaker, but rather that because “labiality was already 
loitering in the neighborhood”, it might instead “be enhanced passively, evolving over 
generations of speakers, due to the communicative success of some tokens, and the 
communicative failure of others” (2006:141). That is, all else being equal, exemplars of more 
acoustically distinct tokens are less likely to be rejected/more likely to be retained by the 
listener/learner, so the sound change will ‘naturally’ take place over generations without 
needing to attribute any functional/teleological goal to the speaker (cf. §4.3 on auditory 
enhancement). While many of the other accounts reviewed above also make reference to an 
existing phonetic dimension, this account differs in terms of how it proposes that dimension 
comes to be enhanced: via the natural selection of more extreme variants over time, rather 
than through any explicit targeting of those variants by speakers. 

 
 
4.6. Quantal theory and enhancement 
 

The QUANTAL THEORY of speech (Stevens 1972; Stevens 1989) proposes that the relationship 
between change in an articulatory parameter and its acoustic consequences may be nonlinear. 
Within so-called quantal regions, articulatory variability will be tolerated because the 
acoustic effect of that variation is minimal; but at certain critical points, a small change 
results in a phase shift between different quantal regions. Stevens proposed that this non-
linearity in the mapping between articulation and acoustics leads to natural classes of speech 
sounds.  

Quantal theory also provides a way of understanding how incrementation in production 
may condition a sudden perceptual ‘jump’ when a critical acoustic threshold is crossed. For 

Page 18 of 37

John Wiley & Sons, Ltd

The Wiley Blackwell Companion to Diachronic Linguistics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

example, Lin et al. (2014) studied the phonetic underpinnings of sound changes involving 
loss or post-vocalic vocalization of /l/, as found in many varieties of English (e.g. SSBE folk 
/fəʊk/, palm /pɑːm/, talk /tɔːk/) or Bavarian German (e.g. vui vs. SG viel ‘much’, Abrui vs. 
SG April, Gäid vs. SG Geld ‘money’). Lin et al. (2014) show that a small, incremental 
articulatory change (lowering of the tongue tip) can cause a comparatively large increase or 
approximation of F1 and F2, which could lead to its reinterpretation of as a back vowel. /s/-
retraction is also likely to have a quantal component give that, as Stevens (1972; 1989) shows 
there is a sudden perceptual jump from [s] to [ʃ] as the tongue tip slides back towards the hard 
palate. The ongoing fronting of /u/ in British English (Harrington, Kleber & Reubold 2008) 
may also be quantal in nature, as the relationship between tongue position and the second 
formant frequency, perhaps its most salient acoustic consequence, is non-linear due to 
acoustic coupling between the sub- and supraglottal systems (Sonderegger 2004; Chi & 
Sonderegger 2007; Stevens 1989). 
 

 
5. Perceptual learning 
 

(Mis)-perception based accounts of the initiation of change such as Ohala’s (§3.2) are 
challenged by findings in psycholinguistics that speech perception is highly flexible and 
adaptable, and that much of this flexibility and adaptability is because, not in spite, of the 
variability inherent in the speech signal. In fact, it is questionable whether it makes sense to 
think of listeners as ‘compensating’ for phonetic biases, because it seems clear that listeners 
make active use of this variability to assist in speech processing (Cutler 2012).  

Not only do listeners have considerable experience with how articulatory overlap and 
gestural co-activation engender different acoustic outcomes and are able to use this 
information in perception, this adaptation is extremely rapid: listeners are very adept at 
adjusting to nonlocal accents and contexts, as demonstrated from a large literature on 
PERCEPTUAL LEARNING (Gibson 1963; Goldstone 1998; for overviews, see Samuel & Kraljic 
2009; Cutler 2012). In speech, perceptual learning refers to the general phenomenon that, 
when making use of contextual information to resolve ambiguous speech acoustic input, 
listeners appear to learn in a manner that influences how they later categorize ambiguous 
speech sounds in the absence of the disambiguating context. This literature is quite broad and 
includes work studying the effects of exposure to unfamiliar (non-native, accented, degraded) 
speech (Lively, Logan & Pisoni 1993; Logan, Lively & Pisoni 1991; Bradlow et al. 1997; 
Bradlow et al. 1999; Bradlow & Bent 2008; Winn, Chatterjee & Idsardi 2013). Here, we 
briefly review two strands of this work focusing on the retuning of phonetic categories in L1 
speech, as well as related work on phonetic accommodation, and discuss the implications of 
these findings for sound change research. 
 
 
5.1 Lexically-guided perceptual learning 
 
LEXICALLY-GUIDED PERCEPTUAL LEARNING refers to a particular paradigm in perceptual 
learning research which focuses on how phonetic retuning is guided by context. The classic 
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study in this paradigm is that of Norris et al. (2003). In this study, Dutch listeners heard 
words in which a final fricative (/f/ or /s/) was replaced by an ambiguous sound [?] 
acoustically halfway been [f] and [s]. One group of listeners heard words in which a final [f] 
of a real word, like witlof ‘chicory’ was replaced by the ambiguous sound, while another 
heard words in which the final [s] of a word like naadlbos ‘pine forest’ was replaced with the 
ambiguous sound. Crucially, in both conditions, there existed no Dutch word with the 
alternative fricative: i.e., *witlos and *naadlbof are not possible Dutch words. Norris et al. 
found that, after exposure, the two groups of listeners differed in their categorization patterns 
along an /ɛf/–/ɛs/ continuum: listeners who heard [?] in contexts like witlo? were more likely 
to respond with /f/, whereas listeners who heard [?] in contexts like naadlbo? were more 
likely to respond with /s/. An important finding of this study was that this perceptual learning 
was lexically-driven, because the same post-exposure categorization shift was not observed in 
listeners exposed solely to non-words with the ambiguous sound in final position. Subsequent 
studies using this paradigm have explored the extent to which lexically-guided perceptual 
learning is persistent over time, as well as to what degree it generalizes beyond the specific 
items, contexts, and even languages presented in the experiment (Eisner and McQueen, 2006; 
Kraljic and Samuel 2005, 2006, 2007; Reinisch, Weber, & Mitterer 2013).  

The results from lexically-guided perceptual learning studies have been argued to be 
consistent with exemplar-theoretic conceptions of sound change in which the category 
boundary between two sounds varies depending on asymmetries between them in the 
direction of variance (Harrington et al. 2018). If a listener is presented with an exemplar 
containing an ambiguous phone and the identity of that phone distinguishes between lexical 
items, the exemplar will likely be categorized as belonging to one or the other lexical item. If 
there is no competing lexical item distinguished by this phone, on the other hand, the 
exemplar (if not discarded outright) can only be assigned to one lexical item, which over time 
would lead to a more variable phonetic representation of the phone. 
 
 
5.2 Dimension-based statistical learning  
 
DIMENSION-BASED STATISTICAL LEARNING describes the phenomenon whereby the perceptual 
system flexibly adjusts to short-term deviations from its learned cue weights. In dimension-
based statistical learning studies (e.g. Idemaru & Holt 2011; Idemaru & Holt 2012; Idemaru 
& Holt 2014; Idemaru & Holt 2020; Yang & Sundara 2019; Lehet & Holt 2020; Kim, 
Clayards & Kong 2020; Francis & Nusbaum 2002), listeners are exposed to speech input in 
which cue distributions differ from their canonical, long-term regularities. For example, 
Idemaru & Holt (2011) exposed English listeners to an artificial “accent” where the canonical 
correlation between VOT and onset f0 was neutralized or reversed. Accordingly, listeners 
rapidly learned to down-weight reliance on the f0 dimension in response to stimuli in which it 
was less reliable (i.e., less distributionally informative). This paradigm differs from lexically 
guided perceptual learning in that in the experimental context, lexical status never serves to 
disambiguate the ambiguous acoustics: all the response possibilities are always real words of 
the target language. On this basis, Idemaru & Holt (2011)suggest that a consistent and 

Page 20 of 37

John Wiley & Sons, Ltd

The Wiley Blackwell Companion to Diachronic Linguistics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

unchanging primary cue dimension (e.g, VOT) can serve a similar function to lexical status in 
helping to orient the listener to the function of the secondary cue dimension.  

Studies using the dimension-based statistical learning paradigm typically employ an 
exposure condition where the canonical cue correlation is neutralized or reversed, 
demonstrating that listeners will down-weight cue dimensions which they learn to be 
unreliable. However, in the context of sound change, a more likely scenario would seem to 
involve perceptual up-weighting of a previously redundant cue, either due to enhancement 
(§4), or to the decrease in informativeness of a primary cue. This latter scenario is especially 
relevant for sound changes for which phonetic bias factors bring about the masking or abrupt 
loss of a primary cue, such as spontaneous consonant devoicing, which could redirect 
attention to a secondary acoustic property. A study by Gao & Kirby (2023) explored this 
possibility by exposing French listeners to monosyllabic CV stimuli in which either the 
informativeness of F0 (a secondary cue to voicing) was enhanced, or the informativeness of 
VOT (the primary cue) was decreased. An increase in F0 informativeness led listeners to 
upweight the use of high F0 in identifying voiceless plosives, but did not affect their 
responses to voiced plosives. However, when lexical feedback was given, decreased 
informativeness of VOT did lead to increased use of F0 to identify voiced plosives.  

These findings suggest that the effect of changes in distribution of cues may not be 
uniform in all regions of the phonetic space, and that distributional changes alone may not 
always be sufficient to trigger perceptual adaptation, pace Idemaru & Holt (2011). If true, 
this could provide a partial account of cases of transphonologization that cannot easily be 
explained by gestural rephasing, such as the phonologization of onset F0 (Kingston 2011; 
Ratliff 2015; WBCDL076). 

 
  

5.3 Perceptual learning, phonetic convergence, and speech production 
 
While the findings of the perceptual learning literature suggests that, at least under some 
circumstances and for at least some period of time, listeners are able to adjust their cue 
weights and/or phonetic category boundaries, it remains unclear how, or whether, they extend 
to production, a critical consideration for sound change. Perhaps surprisingly, there seems to 
be little work in the perceptual learning tradition, dimension-based or lexically-guided, on 
production. One study which addresses this question is Kraljic, Brennan, and Samuel (2008), 
who examined subjects’ productions of /s/ and /ʃ/ before and after a classic lexically-guided 
perceptual learning manipulation. While they found evidence of robust perceptual learning, 
they failed to observe evidence of a corresponding shift in production. More recently, Lehet 
and Holt (2017) studied whether rapid adjustments in listeners’ pre-lexical perceptual cue 
weight also affected those same listeners’ own speech productions by exposing English 
listeners to an ‘artificial accent’ which reversed the natural, canonical correlation between F0 
and plosive voicing. They found that exposure not only caused listeners to decrease their 
perceptual reliance on F0, but also elicited a decrease in the use of F0 in the same individuals' 
productions.  

However, there does exist a related body of work on spontaneous phonetic imitation or 
CONVERGENCE (also ACCOMMODATION: e.g. Goldinger 1998; Pardo 2006; Babel 2012; Kwon 
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2019; Kwon 2021; Zellou, Scarborough & Nielsen 2016; Nielsen 2011; Yu, Abrego-Collier 
& Sonderegger 2013; Kim & Clayards 2019) which has documented unintentional changes or 
‘drift’ in speech patterns in the direction of stimuli or an interlocutor. For example, English 
listeners who hear a model talker producing phonologically voiceless plosives with 
artificially lengthened VOT will tend to lengthen their own VOTs, even in words that were 
not part of the exposure phase (Nielsen 2011). For scholars who assume that phonetic 
imitation in the laboratory is a reasonable proxy for conversational interaction “in the wild”, 
imitation and convergence are hypothesized to be an important locus of sound change 
propagation (Babel 2012). 

While phonetic imitation/accommodation does not strictly speaking imply that perceptual 
learning has taken place, some degree of perceptual flexibility is presumably a prerequisite 
for one speaker to shift their productions in the direction of another. The relationship between 
perceptual learning, cue re-weighting, and phonetic accommodation is an area in need of 
further investigation, but are clearly of great importance for our understanding sound change. 
An outstanding challenge for future models of sound change will be to reconcile the fact of 
contextual phonetic variation with the flexible and adaptable nature of speech perception. 
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