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Is American English schwa'’s position determined solely by the context in which it appears? Do vowels neutralize to
schwa when their duration is shorter? We address these two inter-related questions using the Buckeye corpus to
study vowel behavior across multiple contexts of spontaneous speech. We find that all except tense high vowels
shift to lower F1 values when their duration is relatively short, including lax high vowels and lexical schwas, rather
than toward a mid-vowel position that schwa occupies when its duration is long. However, we also replicate the
finding that schwa is more dependent on both context and duration than other vowels. The results are not consis-

gﬁ{;;r:s‘ tent with the idea that schwa’s position is determined exclusively by the context in which it appears. However,
Corpus study schwa’s shift to higher F1 values when its duration is longer is not necessarily different from other vowels’ shift
Schwa to higher F1 values when their duration is longer, making it unnecessary to argue that schwa’s mid-vowel proper-
Neutralization ties are due to having a target in F1 terms.
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1. Introduction
1.1. Overview

Is there such a thing as a neutral vocalic position? From a
phonological standpoint, there is. Schwa is regarded as having
a neutral, featureless position (e.g. Harris, 2005; van
Oostendorp, 1995), and is defined by the properties it lacks: it
is not front, high, low, back, or round. In phonetic terms, however,
it is not clear what properties define schwa, and whether there
are reasons to treat such properties (if any) as neutral. This ques-
tion is closely related to the study of the production of vowels
when their duration is short. One view expects that as vowels
shorten, they would become more schwa-like (Miller, 1981,
among others). This view corresponds to the phonological
expectation, namely that if vowels cannot express their distinc-
tive identity, they should phonologically neutralize to schwa. A
different approach is more biomechanically-motivated
(Lindblom, 1963; Moon & Lindblom, 1994), and argues that
reduced-duration vowels should not head toward any position
in particular, but should rather exhibit a growing effect of the con-
text in which they occur as their duration becomes shorter, but
they should not deviate from that compromise toward any one
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neutral position. From a phonological perspective, this would
mean that vowels assimilate to their environment when their
duration is shorter, rather than neutralize to schwa.

The contrast between the two views is further complicated by
the properties of American English schwa. American English
schwa phonologically alternates with full vowels (e.g. the first
vowel in photograph vs. photography). If there is a neutral position,
which schwa occupies, then reduced-duration vowels should
head toward it. But if there is no neutral position, what is the pho-
netic manifestation of schwa’s phonological neutral quality? If the
assimilation-based prediction is correct, and vowels that become
schwa lose their target rather than gain a different one, then schwa
would be completely determined by the context in which it occurs.
However, there is evidence that American English schwa has non-
neutral articulatory and acoustic properties, which involve a more
open jaw or tongue gesture (Browman & Goldstein, 1994), a ton-
gue root gesture distinct from the resting position (Gick 2002), or
an acoustic target in F1, though not in F2 (Kondo 1994).

One limitation of existing investigations of the effect of dura-
tion on vowels in general and on schwa in particular, is that they
overwhelmingly used a discrete number of distinctions in speech
rate, e.g. fast vs. slow (see Moon & Lindblom, 1994)." This

' Bates (1995) is a notable exception, but the annotated speech was from a read corpus,
rather than spontaneous speech, and therefore has less variable speech. The corpus is
also substantially smaller than the one we use, and therefore provides less statistical
power.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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limitation makes it statistically impossible to disentangle the possi-
ble contribution of different sources contributing to vowels’ behav-
ior when their duration is reduced. Another limitation is the contrast
between articulatory and perceptual evidence for schwa’s position.
The bulk of evidence for schwa having a target comes from artic-
ulatory data (Browman & Goldstein, 1994; Gick, 2002), while
acoustic evidence for that effect is not as robust (Flemming
2009). We address both limitations by using rich acoustic data
from spontaneous speech in the Buckeye Corpus (Pitt et al.,
2007), which provides more data in a richer set of contexts than
previous studies.

We return to American English schwa and the way it com-
pares to other vowels. One goal is to use rich data from spon-
taneous speech to find whether schwa has an acoustic target
in American English. Another goal is to shed light on the
dynamics of vowels when their duration gets shorter, and their
relationship to schwa. Specifically, can vowel reduction be
attributed to contextual effects alone? Do vowels exhibit any
property of neutralizing to schwa? For both goals we focus
on changes in F1, because it stands in the center of the appar-
ent conflicting evidence between articulatory and acoustic evi-
dence, and because American English schwa is a central
vowel in a system that has few other central vowels,” making
comparisons in F2 less useful.

Although a fair amount of research has been conducted on
schwa and on vowel reduction (e.g. Browman & Goldstein,
1994; Flemming, 2009; Moon & Lindblom, 1994), there is little
evidence that draws on large amounts of corpus data, which
seems ideal for resolving this open question. In large-enough
corpora, every vowel occurs in many different contexts rather
than in a limited set of carefully constructed contexts. More-
over, speech produced in a lab might be hyperarticulated,
which is not expected in spontaneous speech. We take advan-
tage of this in the current study through the use of the Buckeye
corpus (Pitt et al., 2007), expanded on in the section below.

1.2. Current findings on American English schwa

Articulatory evidence suggests that schwa has an articula-
tory target in American English. Browman and Goldstein
(1994) find that the articulation of American English schwa
requires a lower tongue position than coarticulation alone
would predict. Gick (2002) finds that schwa is characterized
by a tongue root gesture distinct from the resting position.
Although Flemming (2009) similarly finds that schwa has
higher F1 values than would be otherwise expected, he argues
that evidence for schwa having a particular acoustic target is
inconclusive. Flemming (2009) argues for two distinct schwa-
forming processes. The first is a mid-central schwa (where
the IPA chart places [3]), which is often the counterpart of
non-high vowels in unstressed syllables, contrasting only with
high vowels. The second is a variable schwa, which is argued
to “potentially [neutralize] all vowel qualities” and “[occur]
where the speaker is not concerned to realize any particular
vowel quality.” Flemming stresses that schwa results from
assimilation to context:

2 Davidson (2006) finds that speakers insert a central high vowel to break non-native
clusters. Other authors use /i/ or / =/ it to describe some American English epenthetic
vowels, such as the second vowel in roses (e.g. eSpeak NG development team use / o /;
Weide, 2008 use /i/ for the same vowel).

“both result from assimilation to context, so there is no support for
the notion of vowel reduction as approximation to a mid central
quality. The different outcomes represent different degrees of
assimilation to context.”.

Flemming (2009: Section 3) provides several possible rea-
sons for why schwa would appear to warrant a lower tongue
position and higher-than-expected F1 values if its acoustic
position were completely determined by its context.® First, the
data in Browman and Goldstein (1994) may have been inter-
preted as word-final, where coarticulation pressures are not as
strong and underlying vowel qualities may be lower (e.g. the
famous Rosa’s roses minimal-pair contrast). Second, he pro-
poses that assimilation to consonants may not always involve
a higher tongue position (and lowered F1 values) and that the
observed higher F1 values could have resulted from coarticula-
tion pressures rather than schwa having an articulatory target.
Third, he proposes that since schwa is a vowel, and vowels
require a more open vocal tract position regardless of their iden-
tity, schwa’s F1 position may follow from being a vowel, rather
than from having a concrete acoustic target. However, he
acknowledges that with the absence of more evidence, it would
be difficult to positively conclude that schwa lacks an articulatory
target.

Davidson (2006), who builds on Davidson (2005) and
Davidson and Stone (2004), provides some support for the
idea that schwa does more than just serve as a minimal in-
between vowel (excrescent vowels, see Hall, 2011). In her
study, native speakers of American English were required to
pronounce words with onset clusters that do not exist in Amer-
ican English. One strategy they used was to insert a minimal
vowel to break the clusters, presumably reflective of some min-
imal vocalic position. This vowel seemed to have different artic-
ulatory properties than underlying schwas, as the
corresponding F1 values were significantly lower. This differ-
ence, or the fact that this position is not where we find schwa,
suggests that schwa does more than serve as an in-between
vowel. One caveat is that it is possible for languages to use
epenthetic vowels that have specific articulatory targets, so
these findings could be interpreted as evidence only for schwa
as not being the epenthetic vowel in American English. But
even so, epenthetic vowels apart from schwa tend to be high
(other non—high epenthetic vowels do appear in languages,
but they occur substantially less frequently than high epen-
thetic vowels, Kitto & de Lacy, 1999; Kim & Kochetov, 2011).
The particular context in Davidson makes it likely that the vow-
els are excrescent vowels, phonetically present but not phono-
logically driven (Hall, 2011), and therefore likely to lack a
target altogether. We may therefore ask why schwa, labeled
as one of the most common epenthetic vowels (Hall, 2003;
Kim & Kochetov, 2011), would not share this same property.
Along with the evidence from Davidson’s (2006) study, this
not only suggests that minimal vowels might actually be higher
(or of a lower F1 value) than previously suggested, but also
that schwa might not be representative of this targetless
position.

3 By acoustic position we refer to the area in F1/F2/F3 space in which vowel tokens
produced by a particular speaker are expected to be found in normal speech, if we remove
the effect of context. This is meant to contrast with acoustic target, which also implies
intent.
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In the same vein, van Bergem (1994), who looked at the
acoustics of Dutch schwa with respect to coarticulatory effects,
found that Dutch schwa’s F1 values resemble those of high
vowels, not mid vowels (Bergem 1994: Fig. 3b), as would be
expected given that [9] is used to denote “schwa.” van
Bergem (1994) and Beinum (1994) assert that schwa should
be regarded as lacking an articulatory target, such that it is
solely determined by coarticulatory pressures, which suggests
that the coarticulation alone would dictate a higher position in
the acoustic space. In terms of shared ancestry, Dutch and
American English share many similarities; thus, we might
expect the vowels that maximally reflect coarticulatory pres-
sures in American English to also be higher than where the
IPA chart places [3]. If schwa occupies a position in the middle
of the vowel space, it may signify that schwa has an acoustic
target.

1.3. Approach

Our approach depends on the assumption that the articula-
tion of vowels depends on two or more of the following three
elements:

coNTEXT The context in which a vowel occurs, which restricts the
vowel, at the very least, at the beginning and end of its
production.

TARGET The specific acoustic properties of the vowel itself, different
for each vowel, and present only if the vowel has an acoustic
target. These properties are what makes vowels contrast.
Schwa may or may not have that property.

voweL Some researchers argue that all vowels, including schwa,
have properties that are common to all vowels. Bates
(1995) relates such properties to the phonological designa-
tion [-consonantal, +syllabic]. Such properties could involve
greater jaw and tongue displacement relative to consonants
(Stevens, 2000, ch. 6), and tongue root displacement (Gick
2002). Flemming (2009) attributes the findings in Browman
and Goldstein (1994) to schwa having vocalic properties,
rather than a target. Even if a vowel's production is largely
determined by the surrounding context, being a vowel could
still entail a more open vocal tract; otherwise, the resulting
sound would not be a vowel. All sounds that surface as vow-
els are assumed to obey that requirement, including schwa.

We assume that the influence particular contexts have on
the production of vowels can be inferred by statistical models
in which the specific contexts in which the vowel occurs are
known in advance. In Section 3 in the supplementary materi-
als, we use an alternative method in which the initial and final
formant values are measured directly, using Praat (Boersma &
Weenink, 2020). The acoustic properties of specific vowels are
their corresponding formant values at the vowels’ midpoint,
independent of context, as calculated using FAVE
(Rosenfelder et al., 2014).

We follow Lindblom (1963) and Moon and Lindblom (1994)
and assume that the relative weight of the three properties
listed above changes when vowel duration is reduced, such
that the effect of context increases for shorter-duration vowels.
This principle holds not only for vowels: Sproat and Fujimura
(1993) found that reduced-duration /1/ is less velarized in gen-
eral given that speakers, due to coarticulation pressures, aren’t

able to retract and lower their tongues fast enough to produce
the more velarized variant.

These assumptions lead to the following expectations for all
vowels. Initially, a vowel’s formants are most strongly affected
by the preceding context. This effect diminishes during the
articulation of the vowel, given that the articulators have time
to move away from their previous position; they may even
cease to affect the vowel after a while (Hertz, 1991). Con-
versely, the vowel's formants become progressively more
affected by the following context toward the end of the vowel
(this influence too does not necessarily affect the vowel
throughout its articulation). Both effects fall under the category
coNTEXT above. The path from a position largely dictated by the
previous context to a position largely dictated by the following
context should also satisfy voweL, or the resulting sound would
not be a vowel. This influence is expected to result in vowel-
like displacement. Crucially, the path, dictated by the influence
of the previous and following contexts, should also approach
the vowel’'s acoustic target (TarceT), if such a target exists
(Klatt, 1973). For vowels that have a target, we expect that
there would be room to satisfy TarceT, such that long-duration
vowels would actually reach their respective acoustic targets,
if they have one, and short-duration vowels would approach
their targets. For target-less vowels, only conTexT and voweL
determine production. This means that if changes in duration
result in a vowel having different acoustic properties, then
either the vowel has a target, or that the manifestation of being
a vowel is affected by changes in duration.

Given this outline, there are at least three types of evidence
that can be taken into account in order to determine whether
schwa has a particular acoustic target, or alternatively, that
the property of being a vowel is affected by vowel duration.
One is specific to schwa itself, and two depend on either direct
or indirect comparison to other vowels.

First, if schwa’s acoustic position is determined exclusively
by contexT, then schwa’s acoustic position should not be
affected by its duration. That is, schwa should not move in
the acoustic space when its duration is shorter than usual. Fur-
thermore, the effect of context on schwa should apply indepen-
dently from its duration. The generalization that shorter
duration should result in stronger coarticulatory pressures
should simply not hold for a vowel that lacks an acoustic target,
as a targetless schwa should be affected by context to the
same extent, even when its duration is long. This expectation
hinges on the assumption that all vowels that surface as vow-
els satisfy the requirement in voweL, regardless of their dura-
tion or specific acoustic correlates. The expectation outlined
in this paragraph is one-sided: If schwa does have a target,
and that target is maximally compatible with the context in
which it occurs, it may not move further. Study 1 aims to estab-
lish whether schwa’s acoustic properties shift when its duration
is shorter.

Second, Moon and Lindblom (1994) predict that shorter-
duration vowels (that do have a target) should head toward
articulatory positions that facilitate articulation but compromise
the pressure to reach their respective acoustic targets, given a
greater expected influence of conTEXT relative to their TARGET. If
schwa lacks an acoustic target, this means that other vowels
should become more schwa-like when their duration is shorter
(and that schwa itself should not be affected by duration, as
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explained above). One expectation is that increased coarticu-
latory pressures would lead to reduced jaw-lowering (Lindblom
1963: 1776-1777; Flemming 2004: Section 3.2.2; Keating,
1985). Lindblom (1963) found that low vowels shift to lower
F1 values when their duration is short. This tendency stops
at about 375 Hz (higher than lax high vowels, but not as high
as /i/), but it is crucially higher than the mid-central position
associated with schwa. If other vowels shift past IPA schwa’
position, as Lindblom (1963) found, then the association of
schwa with a mid-center position (e.g. in Recasens 2021:
500 Hz F1, 1500 Hz F2) has to follow from some influence
other than context. Finding that all vowels progress towards
a higher-than-schwa position could also undermine our
assumption that satisfying TARGeT satisfies voweL by default.
This set of questions is addressed in Study 2.

Finally, several authors assume that schwa lacks an acous-
tic target because it is affected by context to a greater extent
than other vowels (Recasens 1991; Bates 1995; Flege
1988). The comparison between schwa and other vowels
can be tricky because American English schwa is unstressed,
has shorter duration than most vowels, and is therefore subject
to greater coarticulatory pressures than longer-duration vow-
els, everything else being equal. Another complication is that
other vowels are closer to the periphery of the vowel space
and perhaps cannot move as much in response to coarticula-
tory pressures. Thus, if schwa is indeed more variable, its artic-
ulation should be more dependent on context than the
articulation of similar (or more central) vowels, even when its
duration is factored out. Study 3 replicates previous findings
after controlling for duration.

We focus on casual spontaneous speech, as it provides
many instances for the analysis of reduced-duration vowels
(Turnbull, 2019; van Bergem & Beinum, 1989). We use the
Buckeye corpus (Pitt et al., 2007), which provides segment-
level annotations and higher-quality recordings of 40 speakers
interviewed in Columbus, Ohio. Each vowel appears in a vari-
ety of contexts, produced in several instances by many individ-
uals, and the very nature of casual spontaneous speech
suggests that we may deal with greater variability than we
would otherwise get with careful articulation. This is particularly
useful for the direct comparison between schwa and other
vowels.

2. Methods and materials
2.1. Materials

We use the Buckeye Corpus of Conversational Speech (Pitt
et al., 2007), which provides data collected at The Ohio State
University, where 40 speakers conversed freely with an inter-
viewer. The corpus provides several values for each word,
including its duration, part of speech, underlying form, and
actual pronunciation. For each word, underlying and surface
segments were aligned using a procedure detailed in Cohen
Priva (2015) and Cohen Priva and Gleason (2020). The goal
of the procedure was to align underlying dictionary forms with
their surface realizations, as transcribed in the corpus. For
instance, if the word backs /baeks/ surfaced as [bez], the proce-
dure would align /b/ with [b], /ee/ with [g], /s/ with [z], and regard
/k/ as deleted. To implement such a procedure, an algorithm

was trained on the entire corpus to deduce which correspon-
dences and deletions were more likely than others. Given that
we wanted to focus exclusively on (unstressed) schwa in rela-
tion to vowels marked as having primary stress, the underlying
representations provided by Buckeye were not used, as Buck-
eye does not provide information related to stress. Instead, we
replaced Buckeye’s underlying forms with their CMU equiva-
lents (Weide, 2008). Another reason to employ a different
underlying representation is that it is impossible to distinguish
between schwa and /a/ using Buckeye’s underlying represen-
tations.* The formant values of all the underlying vowels in the
Buckeye corpus, as calculated using our procedure, are avail-
able at https://github.com/ucpresearch/moredata (note that
these include vowels we excluded based on the following
criteria).

We excluded all word-final schwas as well as schwas in
words containing apostrophes (e.g. Rosa’s) in order to remove
schwas that Flemming (2009) treats as possibly different vow-
els. We also excluded second-to-last schwas in words that
ended with -ed or -es to remove epenthetic vowels (e.g. in
roses and Wanted).5 Finally, we removed all function words,
using R’s tm package’s function stopwords() (Feinerer &
Hornik, 2015). The resulting number of tokens for each vowel,
as well as the three most frequent words are found in Table 1.

We used FAVE (Rosenfelder et al., 2014) to get mid-vowel
values. The procedure entailed providing the program informa-
tion about the gender of the speakers in the corpus, and mak-
ing it process schwa as if it were another stressed vowel.

We attempted to decide whether to transform the formant
values in our models, so we compared (i) no transformation,
(ii) log transformation, and (iii) mel-transformation of the for-
mant values. The best method was defined as the method that
would yield the highest consistency when using the vowel
identity as a predictor. We therefore tried to find which method
would yield the highest R? for a model that predicts formant
values (transformed or not) using vowel identity, FO mean,
and log FO mean as the only three predictors, and applying
no other grouping.

For F1 values, log-transforming formant values led to higher
consistency (R?=0.55) compared to other methods. For F2 val-
ues, log-transforming formant values led to slightly worse con-
sistency compared to not transforming formant values
(R?=0.525 compared to R®=0.533). The best methods
remained the same even when we added further controls, such
as the identity of the previous and following segments.

Using similar principles, we determined which summary
function and transformation of FO to use, with speaker identity
as the sole predictor, and applying no other grouping, given
that speakers’ FO values are extremely consistent (Cohen
Priva & Sanker, 2018; Cohen Priva & Sanker, 2020). We con-
sidered the following summary statistics: mean, geometric
mean, median, and mode, as well as the following transforma-

4 In the CMU dictionary, /a/ is marked as ahl or ah2, depending on whether it has
primary or secondary stress, respectively. Schwa is marked using aho, i.e. as unstressed /
A/ (which does not exist in American English). Buckeye drops the stress marks (0, 1, 2),
which conflates the two vowels. For instance, in Columbus, both the second and third
vowels are specified as ah, when in reality, the former is actually /a/ and the latter is a
schwa.

5 The common CMU representation for epenthetic vowels in such words is often an
unstressed /1/, not a schwa.
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Table 1

The number of tokens andthe most frequent words for all the monophthongs used in the
Buckeye corpus. Word frequencies are listed by the number of times the word was used
without the deletion of the vowel in question.

Vowel Count Top words IPA

la/ 5595 lot, got, probably lat, gat, pxababli
Jeel 4311 back, actually, bad baek, sektfusli,baed
ol 3669 people, columbus, away pipal, kalambas, swer
I/ 4512 just, much, stuff dzast, matf, staf
b 3810 always, thought, talk olweiz, Oat, tok

Il 10110 well, get, said wel, get, sed

n 6663 really, kids, years ali, kidz, juz

1l 5030 people, even, need pipal, ivin, nid

ol 1226 good, look, put gud, luk, put

u/ 2194 school, used, schools skul, juzd, skulz
Total 47120

tions: identity (no change), log, and mel. Log mean FO yielded
the highest consistency (R?=0.61).

2.2. Statistical methods

2.2.1. Modeling considerations

The acoustic properties of vowels are affected by preceding
and following consonants and vowels (Stevens & House,
1963; Lindblom, 1963; Bates, 1995), as well as by the physiol-
ogy and individual tendencies of the speakers that produce
them (Fabricius, Watt, & Johnson, 2009). We use control vari-
ables to remove variance that can be associated with such fac-
tors, and provide some input regarding the association
between such variance and vowel duration.

There are challenges and advantages for corpus studies
that our models need to tackle. The environments in which
the vowels occur are greatly varied, and require a host of con-
trols, as well as their interaction with the main variable of inter-
est. Such situations are less common in lab settings, in which it
is possible to keep the number of contrasting conditions small.
Whatever modeling we choose, we will never be able to match
with controls the small number of contrasts an experimental
setting would have included. Why use corpora then? Because
spontaneous speech production gives rise to more relaxed and
less anticipated combinations than an experiment could
devise, and because spontaneous speech naturally gives rise
to speech tokens in varied speech rates, which this set of stud-
ies leverages. While corpus studies may suffer from more
noisy data, they can compensate for that with substantially
more data.

Several different approaches are applicable to modeling
context in corpus studies. We use one approach in the main
text, and complement it with a different approach in Section 3
in the supplementary materials. We describe the three
approaches below.

o Model context as random effects. This approach makes it possi-
ble to study pooled effects (e.g. the common influence of duration
on all variables), but makes the interpretation of non-pooled effects
difficult. This approach is less practical when comparing the interac-
tion of context with the fixed effects, as we do in Study 3, and we
therefore do not use it.

o Estimate model contexts using a model. This approach creates
point estimates for different contexts using their effect on some
observed variable. This can be done by averaging observed values
(e.g. the average first formant measurement in a vowel, when the

preceding sound is /k/) or by using a regression model. The advan-
tage of this approach is that the estimation stage yields a single
continuous variable (“context”), which can then be used in subse-
quent regression models. This is the approach we use in the paper,
and it is described below in Section 2.2.2.

Model context using actual values. This approach uses the
actual observed variables of the context. For instance, rather than
specify that the preceding vowel is /i/, provide the actual formant
values of the preceding vowel as a control. The advantages of this
approach is that the models can use actual performance to control
for what the speaker did in the utterance. For instance, perhaps the
preceding vowel was lexically specified as /i/, but the speaker pro-
duced an /i/ instead. The disadvantage is that this approach is cau-
sally opaque, because the speakers’ performance (e.g. their
speech rate) is likely to affect both the target variable and the mea-
sured context variables, and the relationship between the underly-
ing variable and the target variable can therefore falsely seem to
follow from the actual measurements of context. Another downside
is that there is often no usable observable variable. For instance, if
the formant values of the preceding vowels are included in the
regression, such values are missing when there is no preceding
vowel, and the missing values need to be imputed. We use this
approach in Section 3 in the supplementary materials.

2.2.2. Models outline

We used several contextual variables to estimate the
expected effect of context on formant values. These include
the following variables of interest and controls:

1. The identity of the vowel (when contrasting vowels), as a fixed
effect. We label this variable vowel.id.

2. A continuous control for log mean FO during vowel articulation. We
label this variable FO. We include FO because it has been found to
affect vowel perception (Syrdal & Gopal, 1986).

3. The combined identity of the immediately preceding (precedingl)
and immediately following (followingl) segments (replaced by
phrase-initial or phrase-final symbols if unavailable). We label this
variable precedingl followingl. Given the number of possi-
ble contexts, we opted to model this effect as a random intercept.
The random intercept models absolute changes in the formant
value, without regard to vowel duration. This variable and the next
four variables are meant to control for the effect of conTEXT On vowel
production (see Bates 1995), as explained above.

4. The identity of the non-immediate preceding segment, if available,
or otherwise a phrase-initial symbol. We label this variable pre-
ceding?2. As with precedingl_followingl, and for similar
reasons, we modeled this as a random intercept. The random inter-
cept models absolute changes in the formant value as affected by
the non-immediate preceding segment.

5. The identity of the non-immediate following segment, if available, or
otherwise a phrase-final symbol. We label this variable follow-
ing2. As with preceding?2, and for similar reasons, we modeled
this as a random intercept. The random intercept models absolute
changes in the formant value as affected by the non-immediate fol-
lowing segment.

6. The identity of the preceding vowel, if available, or otherwise a
“missing” symbol. This variable is modeled using a random inter-
cept, which we label preceding.vowel.

7. The identity of the following vowel, if available, or otherwise a “miss-
ing” symbol. This variable is modeled using a random intercept,
which we label following.vowel.

8. The identity of the word, as a random intercept. The random inter-
cept models absolute changes that may follow from different words
having particular acoustic targets (cf. Pierrehumbert, 2001). It may
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also account for cases in which some combinations of preceding
and following contexts are not captured by the cumulative effect
of the preceding and following variables. We label this variable
word.

9. The identity of the speaker as a random intercept, and a random
slope for vowel identity (when contrasting vowels). Both are meant
to control for speakers having different performance for different
vowels (Fabricius et al., 2009). We label this variable speaker.

All FO and F1 measurements were log-transformed
because this transformation yielded the highest consistency,
as discussed above. Also aforementioned, all F2 measure-
ments were not log-transformed. To ease model convergence
and interpretation, all continuous variables were z-transformed
as well.

We trained two mixed effects linear models, one for each
formant, using vowel duration, vowel identity, their interaction,
and FO as the fixed predictors, and precedingl follow-
ingl, preceding2, following2, preceding.vowel,
following.vowel, word, and speaker as random inter-
cepts. Vowel duration was also added as a random slope to
speaker. The models were fitted using 1me4 (Bates,
Machler, Bolker, & Walker, 2015) to produce point estimates
for the random effects. All the continuous variables were z-
transformed. Crucially, the models did not include context-
dependent random slopes for duration, which means that con-
text was modeled as constant deviations along F1 and F2. This
yields the formula in (1).

(1) formant ~ 1
+ duration * vowel.id
+ FO
+ (1| precedingl_followingl)
+ (1| preceding?)
+ (1] following?)
+ (1] preceding.vowel)
+ (1] following.vowel)
+ (1 +vowel.id || speaker)
+ (1] word)

Subsequently, we used the cumulative effect of preced-
ingl followingl, preceding?, following?2, preced-
ing.vowel, and following.vowel to predict for each
vowel token a single continuous variable that combines all
the individual contextual variables, which we labeled con-
text. This variable is supposed to predict how the vowel is
expected to shift along the formant in question when found in
the specific combination of contextual variables. The variable
context therefore captures all the variance that the linear
mixed effects models can explain, with the exception of any
variance explained by the vowel itself and vowel duration.

To study the relationship between a given vowel’s duration
and its position in the acoustic space, we used a bayesian
mixed effects linear regressions using R’s brms package
(Burkner, 2018), with the formant value (F1 or F2) as the pre-
dicted value. All continuous variables were z-transformed,
and the priors we used were uninformative (normal (0, 3)
for fixed effects, normal (0, 2) for the SD of random effects).
We label the dependent variable formant.

Our main variable of interest is vowel duration, which we
label duration. A non-zero coefficient (whose credible inter-
val does not include zero) for vowel duration would suggest

that on average the vowel's position changes in particular
ways and in particular directions when coarticulatory pressures
change (following Moon & Lindblom, 1994). The interaction
terms between vowel duration and the context variable is also
of interest, as it indicates whether the effect of other variables
changes when vowel duration changes, as explained in detail
in the individual studies.

The basic model in Studies 1-2 is provided in R’ Ime4 syn-
tax (R Core Team, 2021; Bates et al., 2015) in (2).

(2) formant ~ 1
+ duration * context
+ (1 + duration | speaker)
+ (1] word)
+ FO

In Study 3 we compare schwa to other vowels directly. This
leads to including vowel.id as a predictor, with schwa as the
base level. We also include the two-way interactions between
vowel.id and duration, between vowel.id and con-
text, and the three-way interaction among all three, leading
to the formula in (3). The predicted directions of the interaction
terms are explained in detail in Study 3.

(3) formant ~ 1
+ vowel.id * duration * context
+ (1+ vowel.id + duration | speaker)
+ (1] word)
+ FO

3. Studies

3.1. Study 1: The correlation between schwa’s formants and its
duration

3.1.1. Introduction

The goal of Study 1 is to explore the first type of evidence
detailed in Section 1.3, and repeated here. If schwa does not
have an acoustic target and the property of being a vowel is
satisfied by any surface vowel, then its position would be
affected by the context in which it appears, and by virtue of
being a vowel, rather than by its duration. After factoring out
the contributions of particular contexts and the possible vari-
able effects that impact the location of schwa in the acoustic
space, we try to identify whether durational changes in schwa
are accompanied by movement within this space. We applied
the single-vowel model described in 2.2 to schwa’s F1 and F2
values.

If we detect that schwa’s formants correlate with its dura-
tion, it would suggest that speakers’ performance follows not
only from contextual effects. If schwa would not move in either
formant it would mean that its acoustic target is not different
from the one dictated by context. As mentioned above, it would
not entail that schwa does not have a target, but if it does, it
would be indistinguishable from having no target.

Context is expected to be strongly correlated with schwa’s
formants, given that schwa has been found to be greatly
affected by the context in which it occurs (Recasens 1991;
Bates 1995; Flege 1988). If schwa does not have a target,
we would expect the interaction term between context and
duration not to differ from zero: The effect of context on
schwa'’s formants should not differ when its duration is shorter.
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A negative interaction term would mean that longer-duration
schwa is less likely to be affected by its context, a finding which
would directly contradict the idea that schwa’s position is dic-
tated exclusively by its context. A positive interaction term is
not expected, but if found it would suggest that the effect of
context increases when schwa’s duration is longer. This would
be unexpected given our simplifying assumptions, but is possi-
ble e.g. if schwa’s longer duration follows from slower speech,
in which schwa’s context may reach more extreme articulation.

3.1.2. Methods and materials

For all tokens that had underlying schwa in the Buckeye
corpus (see Section 2.1 above), we used the formula in (2)
to determine positions in the acoustic space with respect to
duration. We fit the model twice, once with log-transformed
F1 as the dependent variable, and once with F2 as the depen-
dent variable.

3.1.3. Results

The full results of the revised Study 1 are in Table 2 for F1,
and in Table 3 for F2.

Longer-duration schwas were associated with greater F1
values (Estimate = 0.17, 95% Crl=[0.12—-0.23]. This is consis-
tent with schwa being influenced by having a target (TarGeT), or
if the effect of being a vowel (voweL) is modulated by vowel
duration, and unexpected otherwise. The contextual effects
explain much of the variance in F1 (Estimate = 0.36, 95%
Crl=[0.33—-0.39]). Since all continuous variables were z-
transformed, the size of the coefficients for duration and con-
text can be compared directly, and it shows that the effect of
context on schwa'’s position is greater than the effect of dura-
tion in determining schwa’s position in F1. The interaction
between duration and context was small and negative
(Estimate=-0.036, 95% Crl=[-0.062—0.01]). A negative inter-
action term is not consistent with the targetless schwa hypoth-
esis, in which we expect the effect of context to remain the
same regardless of schwa’s duration. We see instead that
the effect of context diminishes when vowel duration is longer.

For F2, longer-duration schwas were not associated with
higher or lower F2 values (Estimate = 0.021, 95% Crl=[-
0.0033-0.046]. The contextual effects were very high (Esti-
mate = 0.75, 95% Crl=[0.72-0.78]), which suggests that

Table 2
Study 1 schwa F1 model, using a single context variable.

Estimate 2.5% Crl 97.5% Crl

Intercept —0.02 -0.20 0.16

Duration 0.17 0.12 0.23

Context 0.36 0.33 0.39

FO 0.02 —0.01 0.06

Duration: context —0.04 —0.06 —0.01
Table 3

Study 1 Schwa F2 model, using a single context variable.

Estimate 2.5% Crl 97.5% Crl

Intercept 0.02 —0.089 0.14
Duration 0.02 —0.003 0.05
Context 0.75 0.724 0.78
FO 0.05 0.022 0.08
Duration: context 0.03 0.011 0.05

schwa’s F2 values are highly influenced by the context in
which schwa appears. The interaction term between duration
and context was very small but positive (Estimate = 0.03,
95% Crl=[0.011-0.049]), which means that longer-duration
schwas were more susceptible to the effect of context than
shorter duration schwas. This is not predicted by our simplify-
ing assumptions, but could be explained if schwa’s duration
indicates to what extent its context is hyperarticulated, e.g. in
fast or slow speech. For instance, if a long-duration schwa
occurs mostly in slow speech, then perhaps the context in
which it appears is hyperarticulated, which could result in the
small but positive interaction.

A reviewer on a previous version of this manuscript was
concerned that the results for F1 may follow from the over-
representation of F1-lowering contexts in the data. That is,
the observed effect of context is actually due to the majority
of contexts having F1-lowering effects, rather than a true effect
of context. We therefore wanted to see whether the coeffi-
cient value for duration, when combined with the context-
specific random slope for preceding and following context,
was still expected to be positive. Consequently, we retrained
the F1 model using the brms package (Burkner, 2018), but
replaced the single context variable with random intercepts
and slopes for the immediately preceding and following con-
texts, and the preceding and following vowels. We also omitted
the slopes for the non-immediate context to facilitate interpre-
tation. This yielded the formula in (4). We then extracted the
posterior samples for the coefficient and the random slopes.

(4) formant ~ 1
+ duration
+ (1| precedingl)
+ (0 + duration | precedingl)
+ (1| followingl)
+ (0 + duration | followingl)
+ (1| preceding.vowel)
+ (0 + duration | preceding.vowel)
+ (1] following.vowel)
+ (0 + duration | following.vowel)
+ (1 + duration | speaker)
+ (1] word)
+ FO

Fig. 1 illustrates the density plots of the combined samples
for the coefficient and slope for the ten most common following
contexts and the ten most common preceding contexts.
Though some of the probability mass falls below zero for a
few contexts, the bulk of the density for most contexts lies
above zero, which means that schwa did not shift in the oppo-
site direction when its duration was short in any of the frequent
contexts.

3.1.4. Discussion
The results are consistent with schwa having a target (1ArR-

GeT), or that vowel duration modulates the property being a
vowel (voweL), or both. The reason is that if schwa is targetless
and vowel duration does not modulate being a vowel, we
would expect all schwas in all contexts to simply represent
the constraints imposed by the context in which they appear
(conTexT), and we would also not predict that the effect of con-
text would diminish in long durations, as we find for F1.
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Fig. 1. Density plots of the combined samples for the vowel duration coefficient and the context-specific random slope for the ten most common following and preceding contexts.
Similarly, the most frequent preceding and following vowels (either schwas or vowels with primary stress).

In contrast, the results for F2 do not seem to provide much
evidence in favor of schwa having a target or that being a
vowel is related to a property that affects F2. This means that
perhaps schwa does not have a target in F2, being a vowel has
no effect on F2, or schwa just happens to have a target that is
consistent with what context alone would dictate. However, the
effect of context on F2 is very large, which is less consistent
with schwa having a target in F2.

The results are consistent with Browman & Goldstein
(1994), who found that the articulation of schwa involves a
component that is not predicted by context alone, and with
Kondo (1994), who argued for a difference between schwa’s
F1 and F2, such that the former seems to deviate from posi-
tions dictated solely by context, and the latter does not. Schwa
is associated with higher F1 values when its duration is longer,
as we would expect of a mid-vowel (Ladefoged & Johnson,
2010). Since higher F1 positions are found where contextual
coarticulatory pressures are assumed to not be as strong, it
would suggest that schwa’s position in the F1 space is not dic-

tated solely by contextual coarticulatory pressures, but by hav-
ing a target in F1, or by having a greater jaw or tongue
displacement when its duration is long than when it is short
for some other reason.

What could that reason be? Previous accounts group the
property of being a vowel with contextual effects (Lindblom,
1963; Moon & Lindblom, 1994), but other possibilities exist.
For instance, if “being a vowel” means a more open vocal tract
regardless of vowel identity per se (Flemming, 2009: 84), then
the results presented above could be interpreted as schwa
having more prototypical vowel production when its duration
is longer than when its duration is short, rather than having a
targetin F1. The results do not provide evidence that could dis-
entangle schwa having a target in F1 and the manifestation of
abstract vocalic property.

Though schwa is not an epenthetic vowel in the contexts we
studied, a higher-than-mid position resembles the inserted
vowels that American English speakers insert in non-native
sequences (Davidson, 2006), and the cross-linguistic ten-
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Fig. 2. A visualization of the relationship between vowel duration and F1 values (Study 2). Both duration and F1 are the residual values after the effects of speaker, word, and
phonological context have been controlled for using random intercepts. Both axes are log-scaled, and only the middle 95% of duration values are shown. The line is drawn using a
smoothing spline. The gray zones (visible only for /u/) are the 95% confidence intervals of the smoothing model.

dency for epenthetic vowels to be high (Kitto & de Lacy, 1999).
However, these observations suggest that the minimal require-
ment to satisfy the property of being a vowel (voweL) does not
necessitate the more open vocal tract observed for longer-
duration schwas.

3.2. Study 2: F1 values for reduced-duration vowels

3.2.1. Introduction

In Study 1, we observed that shorter duration was corre-
lated with lower F1 values for schwa. It is clear that there is
a pressure for low vowels to shift to lower F1 values when their
duration gets shorter, but is there a clear reason to assume
that the same would hold true for (other) mid and high vowels?
Lindblom (1963) found that this tendency stops at about
375 Hz (higher than lax high vowels, but not as high as /i/). This
suggests that vowel neutralization due to reduced duration
should not head toward the mid-central position schwa occu-
pies when its duration is longer, but rather toward the position
schwa occupies when its duration is short. The goal of this
study is to extend Study 1 to other vowels, in order to test this
prediction.

3.2.2. Methods and materials

We repeated the method used in Study 1 for all non-
diphthongs in American English. We did not collapse /a/ and
/ol, as Labov, Ash, & Boberg (2005: 64) show that they are
at least partially distinct in Columbus, even though they greatly

overlap in the Buckeye corpus.® Using the same formula used
in Study 1, we then measured which vowels had a correlation
between shorter duration and lower F1 values.

Since all the vowels except Schwa have an acoustic target,
we are not interested in the degree to which the coefficient for
vowel duration deviates from zero. Rather, we are interested in
seeing the overall change in vowel space as vowel duration is
reduced.

For context, we anticipate a positive coefficient for all
vowels, though likely smaller than schwa’s, because schwa
is expected to be more susceptible to the effects of context,
as discussed above. Following the results of Study 1, the
expectations for the interaction term between duration and
context are that it would be negative for all vowels, signifying
that the effect of context diminishes for longer-duration vowels.
However, Study 1 has already provided an exception to that
expectation.

3.2.3. Results and discussion
The results for the relationship between vowel duration and
F1 values for all vowels can be found in Table 4, and for the

5 It seems that /a/ and /o/ are not completely merged in the Buckeye corpus, even
though they have substantial overlap, as verified using a mixed effects linear regression in
which we include data from both vowels, and used vowel identity, log vowel duration, and
their interaction to predict F1 values (using log(F1), vowel.id * log(duration) + (1 + vowel.id |
speaker) + (1 | word)). The model yielded small but highly significant differences for all
three variables. /5/ had lower F1 values ($=-0.34, SE = 0.02, df = 1268.9, t=-15.94, p<.001).
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relationship between vowel duration and F2 in Table 5. See
Tables 6 and 7 for the other coefficients.

For F1, all vowels except high tense ones shifted to lower
F1 values when their durations were shorter, just as schwa
did. Lax high vowels also had lower F1 values when their dura-
tion was shorter, consistent with Lindblom (1963). For /u/ there
was no correlation between duration and F1, which suggests
that the acoustic position of /u/ is close to the position which
coarticulation would predict. This too is consistent with
Lindblom (1963). For /i/ the relationship reversed, with longer
duration being associated with lower F1 values. We are not
sure why this relationship holds. Perhaps coarticulatory pres-
sures do not lead vowels to have a position similar higher than
the one associated with /u/.

All vowels’ F1 values were correlated with context, as antic-
ipated, and for most vowels there was a negative coefficient for
the interaction term between duration and context, which

Table 4
Study 2 duration estimates for F1.

Vowel Estimate 2.5% Crl 97.5% Crl
E} 0.173 0.122 0.226
A 0.196 0.151 0.241
a 0.189 0.157 0.221
b) 0.061 0.032 0.090
[ 0.239 0.166 0.312
u 0.026 -0.013 0.064
i —0.089 -0.118 —0.061
1 0.112 0.087 0.135
€ 0.153 0.121 0.185
® 0.159 0.121 0.199
Table 5
Study 2 duration estimates for F2.
Vowel Estimate 2.5% Crl 97.5% Crl
E} 0.021 —0.003 0.046
A —0.074 —0.106 —0.043
a —0.123 —0.149 —0.096
b) —0.142 —0.181 —0.103
[ —0.130 —0.182 -0.077
u —0.061 —0.093 —0.031
i 0.168 0.139 0.196
1 0.082 0.051 0.113
€ 0.037 0.013 0.062
® 0.048 —0.002 0.095
Table 6

means that the effect of context was more pronounced when
vowel duration was shorter. There were two exceptions for /
o/ and /u/, for which the interaction was small (relative to the
main effect of context) but positive, as was the case with
schwa and F2, which suggests that for these two vowels the
effect of context is less pronounced when their duration is
shorter. This is unexpected given our assumptions, but could
follow from the smaller acoustic space associated with shorter
vowels, as discussed above.

For F2, back vowels (including /a/) had higher F2 when their
duration was shorter), and front vowels (except /ee/, whose
credible interval included zero) had lower F2 values when their
duration was shorter. All vowels were highly influenced by con-
text, and the interaction term between duration and context
was mostly negative, with the exception of schwa, which was
positive (as mentioned above), and /u/ and /ae/, whose credible
interval includes zero. This means that for those two vowels
there is no evidence that longer duration would result in a
smaller effect for context.

The results help put Study 1 in context. Schwa’s association
between shorter duration and lower F1 values can be seen as
the usual trend for all vowels except /i/ and /u/. Shorter duration
seems to involve a reduction in F1 values, with the exception of
tense high vowels. We proposed above that the results for
schwa could follow from either having a target or from a mod-
ulation of the property of being a vowel. Under this interpreta-
tion, it is possible that the lower F1 values for the other vowels
could follow from having less time to reach the vowels’
intended target, or from having less time to express the vowel’'s
more abstract vocalic property when their duration is short.

It is interesting to note that the interaction term between
vowel duration and context was not negative in a number of
cases, as it was for schwa’s F2 in Study 1. This means that
for those vowels too, context was not modulated by duration,
even though no account argues that other vowels lack an
acoustic target.

With respect to the phonological question regarding
whether vowels neutralize to schwa or assimilate to their con-
text when their duration is shorter, the results of Study 2 seem
to offer a more nuanced but different answer. We observe that
vowels overall do assimilate more when their duration is
shorter, though there are a few exceptions to this rule. How-

Study 2 point estimate coefficients for F1, by vowel. Values whose middle credible interval 95% range has the same sign are marked in bold.

E} A a b} ¥ u i 1 € ®
Intercept —0.02 0.33 0.06 —-0.01 0.02 —0.04 —0.03 0.07 0.13 0.06
Duration 0.17 0.20 0.19 0.06 0.24 0.03 —0.09 0.1 0.15 0.16
Context 0.36 0.20 0.25 0.63 0.20 0.33 0.31 0.43 0.35 0.23
FO 0.02 0.06 0.07 0.05 0.12 0.04 0.08 0.03 0.07 0.1
Context: duration —0.04 —0.02 —0.01 0.08 0.08 —-0.02 —0.02 —0.02 0.00 —0.06

Table 7

Study 2 point estimate coefficients for F2, by vowel. Values whose middle credible interval 95% range has the same sign are marked in bold.

£l A a b) [§ u i 1 € ®
Intercept 0.02 —0.25 -0.15 —0.25 —0.15 0.12 0.07 0.08 —0.04 0.04
Duration 0.02 —0.07 —0.12 -0.14 —-0.13 —0.06 0.17 0.08 0.04 0.05
Context 0.75 0.38 0.37 0.35 0.72 0.67 0.31 0.57 0.55 0.26
FO 0.05 0.05 0.03 0.01 0.00 0.04 0.10 0.1 0.08 0.13
Context: duration 0.03 —0.04 —0.07 —0.07 —0.06 —0.02 —0.05 —0.07 —0.03 —0.00
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ever, they also neutralize toward a high central position,
because all except the tense high vowels shift to lower F1 val-
ues independently from context when their duration is short,
and all except /u/ and /ee/ centralize (/u/ has fairly central F2
values even when its duration is long). Crucially though, the
movement to lower F1 values does not make vowels shift
toward the center of the vowel space, because lax high vowels
shift toward lower F1 values too. However, the supposed neu-
tral position is where we do find long duration schwa vowels
after we remove the effect of individual contexts, and where
cross-linguistically most schwa vowels are found (Recasens,
2021: fig. 1).

3.3. Study 3: Pairwise comparison between schwa and other vowels

3.3.1. Introduction

In Study 1 and Study 2 we found that schwa behaves much
like other vowels, in the sense that it shifts to lower F1 values
when its duration is shorter. We argue that this property is con-
sistent with either having a target, or with duration modulating a
stipulated abstract vocalic property, which is associated with
more open production. The results were not consistent with
the argument that schwa lacks a target if the abstract vocalic
property (voweL) is satisfied by any vowel. For F2 the results
were more ambiguous, because schwa did not shift in F2 when
its duration was shorter. This effect could follow from schwa
lacking a target in F2, but also if schwa does have a target,
but that target is already compatible with extreme coarticula-
tion pressures. There was no correlation between duration
and F2 for two other vowels too, /u/ and /ae/.

In Study 3 we examine a different kind of evidence for
schwa having or lacking a target. Several researchers pro-
posed that schwa does not have a target because it is affected
by the context in which it appears to a greater extent
(Recasens, 1991; Bates, 1995; Flege, 1988). As outlined in
Section 1.3, this comparison is difficult because schwa has a
shorter duration and can move more in the F1/F2 space rela-
tive to other vowels. The goal of this study is to see whether
schwa is more variable than other vowels in the same context,
even when duration is controlled for.

3.3.2. Methods and materials

We compared each American English non-rhotic monoph-
thong in the Buckeye corpus to schwa. We determined vowel
quality by the underlying (intended) representation rather than
by the annotation used for that token, because we wanted to
predict speakers’ performance relative to an intended baseline.
Since we are not interested in comparing the other vowels to
one another, we modeled each vowel in comparison to schwa
directly, using the formula listed above in (3) and repeated here
in (5).

(5) formant ~ 1
+ vowel.id * duration * context
+ (1 +vowel.id + duration | speaker)
+ (1] word)
+ FO

This study focuses on the difference between schwa and
other vowels. Therefore, the main variables of interest are
the interaction terms between vowel identity and other vari-

ables. These include the interaction with context and the
interaction with duration. The interaction term with context
should be significantly negative if the contrasting vowel is not
affected by context to the same extent as schwa. The interac-
tion term with duration is only interesting in the context of F1
(schwa was not affected by duration in F2). The interaction
term should be negative if duration has a greater effect on
schwa’s F1 relative to other vowels.

The three-way interaction between vowel identity, duration,
and context could also be illuminating. The two-way interac-
tions between duration and each of the contextual variables
model the moderation of the contextual effect by duration for
schwa. In Study 1 that coefficient was negative in the F1
model, suggesting that schwa is affected by context to a lesser
extent when its duration is longer. A positive coefficient would
suggest that the contrasting vowels’ dependence on context is
not modulated by duration to the same extent as schwa’s,
while a negative coefficient would suggest that the contrasting
vowel’s dependence on context is modulated to a greater
extent by duration than schwa’s (in the expected direction).
The two-way interaction was positive for F2 in Study 2, which
was unexpected, and we would expect the contrasting vowels
to have negative three-way interaction terms if their behavior is
more typical.

All the variables that do not depend on vowel identity model
the same variance in all the models (because schwa is the
default level), and are expected to be similar to one another
and to those in the Study 1 model. However, they are not
expected to be identical to one another because the random
effects fit different data in the different models due to the inclu-
sion of an additional vowel, and because they were z-
transformed in each data set separately. We therefore provide
these variables in the model summaries, but we will not dis-
cuss them further.

3.3.3. Results

The full models are listed in Section 2 in the supplementary
materials. Table 8 provides a summary of the coefficients and
their estimates for F1, and Table 9 provides a summary of the
coefficients and their estimates for F2.

The interaction terms between duration and vowel identity
in the F1 models was negative for all vowels except /a/ and
/ael. Though we are not interested in the difference between
schwa and /i/ and /u/, which seem to respond to duration differ-
ently, it is striking that schwa differs from other mid and lax high
vowels. Whatever causes schwa to shift in F1 when its dura-
tion changes makes it behave less like vowels which we
assume have a target in F1.

For F1, some of the interaction terms between vowel iden-
tity and context included zero, but most were negative. This
suggests that previous authors’ observations that schwa is
affected by context more than other vowels are replicated in
the corpus data, even when vowel duration is controlled for.
The three exceptions were the low vowels /o/, /a/, and /ze/.
For F2, the results were more uniform such that almost all
the coefficients (except for /u/) were negative. This means that
schwa’s F2 values are determined by context more than other
vowels.

The picture for the three-way interactions is less informa-
tive. The two-way interactions between duration and each of



U. Cohen Priva, E. Strand/Journal of Phonetics 96 (2023) 101198 13

Table 8

Study 3 point estimate coefficients for F1, by vowel. Values whose middle Crl 95% range has the same sign are marked in bold. The row labels of variables of interest are also marked in

bold. The full models can be found in Section 2 in the supplementary materials.

A a b U u i I € ®
Intercept -0.39 —0.82 —0.39 —-0.01 0.38 0.74 0.05 —-0.63 —0.58
FO 0.04 0.04 0.03 0.04 0.02 0.04 0.02 0.05 0.05
Duration 0.19 0.22 0.23 0.21 0.21 0.19 0.23 0.22 0.20
Vowel id 0.99 1.37 0.81 —-0.01 —0.96 -1.23 —0.03 0.96 1.13
Context 0.33 0.38 0.50 0.37 0.34 0.29 0.50 0.39 0.23
Duration: vowel id —0.02 —0.09 -0.15 —0.07 -0.20 —0.26 -0.14 —0.08 —-0.05
Context: duration —-0.04 —0.06 —-0.07 —0.04 —0.04 —0.04 —-0.05 —0.05 —0.04
Context: vowel id -0.12 -0.22 -0.01 -0.22 -0.10 —-0.03 -0.14 —0.08 —-0.02
Context: duration: vowel id 0.01 0.05 0.13 0.09 0.03 0.02 0.03 0.05 —0.02

Table 9

Study 3 point estimate coefficients for F2, by vowel. Values whose middle 95% Crl range has the same sign are marked in bold. The row labels of variables of interest are also marked in

bold. The full models can be found in Section 2 in the supplementary materials.

A a b) u u i I € ES
Intercept 0.15 0.47 0.59 0.18 0.06 -0.74 —0.40 —0.41 —0.26
FO 0.04 0.03 0.02 0.03 0.04 0.05 0.08 0.07 0.07
Duration 0.03 0.04 0.03 0.03 0.02 0.02 0.03 0.03 0.04
Vowel id —0.42 —0.82 -1.25 —0.67 0.04 1.31 0.72 0.54 0.54
Context 0.70 0.85 0.65 0.80 0.73 0.48 0.72 0.81 0.73
Duration: vowel id —0.09 -0.12 -0.1 -0.1 —0.09 0.10 0.04 0.00 0.00
Context: duration 0.03 0.05 0.03 0.04 0.04 0.02 0.03 0.04 0.04
Context: vowel id -0.23 —0.54 —0.38 -0.12 —0.05 —0.26 -0.19 —0.29 —0.46
Context: duration: vowel id —0.07 -0.10 —0.08 —0.08 —0.05 —0.06 -0.10 —0.06 —0.04

the contextual variables model the moderation of the contex-
tual effect by duration for schwa. As explained in Section 3.3.1,
For F1 a negative coefficient for would suggest that the con-
trasting vowels’ dependence on context is modulated to a
greater extent than schwa'’s, while a positive coefficient would
mean that duration does not have as strong of an effect on
their dependence on context. We find that in the F1 models
there were four positive interactions (/a/, /2/, fu/, and /¢/), and
the rest included zero in the credible interval. We conclude that
the effect of context on the contrasting vowels is not modulated
to the same extent by duration as it is for schwa, but the evi-
dence for it is less conclusive than for the two-way interactions.

As discussed in Section 3.3.1, for F2 the expectation is that
the contrasting vowels would have negative three-way interac-
tion terms, and this is indeed the case, which means that
schwa is unique in expressing stronger contextual effects
when its duration is longer.

3.3.4. Discussion

The interaction terms between duration and vowel identity
and between context and vowel identity suggest that whatever
causes schwa to have greater F1 values when its duration is
longer is less resistant to the effects of context and short dura-
tion relative to vowels that are assumed to have a target.

The results for the interaction between vowel identity and
context replicate previous findings that argued that schwa
does not have a target based on its greater dependence on
context. Unlike the majority of previous work, we can assert
that this difference is not due to schwa’s shorter duration.
Schwa is more susceptible to context even when duration is
controlled for. Schwa is indeed not stressed, while all the con-
trasting vowels were stressed, leaving this aspect as one com-
peting alternative explanation, namely that schwa is more
sensitive to context because it is not stressed.

Finally, it is not possible to argue that schwa moves more in
F1 relative to other vowels because its position is not high or
low. This is because we find that several non—high non-low
vowels shift less than schwa when their duration is short.

In sum, the results of Study 3 show that schwa is more
dependent on both context and duration compared to other
vowels.

4. General discussion
4.1. Schwa’s shift to higher F1 values

Study 1 showed that reduced duration is associated with
lower F1 values for schwa. Though the effect was not as strong
in every context, it was present in the majority of the most fre-
quent contexts, both preceding and following. The effect of
context diminished when schwa’s duration was longer, and
both findings point to some factor other than context that is
involved in dictating schwa’s acoustic position, and which
has a greater effect when schwa’s duration is longer. That
other factor could be having an acoustic target, but our results
support other possibilities as well. The position in which we find
schwa when its duration is long is similar to the cross-linguistic
schwa position at the center of the acoustic space (Recasens
2021), while the position in which we find schwa when its dura-
tion is shorter is similar to where speakers of American English
produce minimal epenthetic vowels (Davidson 2006). We did
not observe a correlation between duration and F2.

These findings are consistent with two possibilities. The first
is that schwa does have a target in F1 (but possibly not in F2,
Kondo 1994), which is compromised when its duration is
shorter. If schwa does have a target in F1, that target must
be weaker than other vowels’ targets, because speakers give
up on reaching it more readily than they do with other vowels,
as shown in Study 3. The need for variable target strength is
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necessary on other grounds as well. For instance, Cohen Priva
(2015) shows that different stops in American English have dif-
ferent propensity to delete. Another possibility is that schwa
does not have a target, but the property of being a vowel is
responsible for the effect of having higher F1 values when
schwa’s duration is longer (Flemming, 2009). In other words,
schwa’s draw to higher F1 values when its duration is longer
is not unique to schwa, but stems from a property common
to all vowels. The main challenge to this possibility is that the
exclusion of tense high vowels from this generalization needs
to be justified, as shown in Study 2. One obvious justification is
that having a close vocal tract is one of the key defining fea-
tures of tense high vowels.

Both accounts therefore require adjusting the weight of one
of the attractors for some of the vowels. Phonological theories
with a hierarchy or weighting of preferences (e.g. Prince &
Smolensky, 1993; Flemming, 2001) can make schwa'’s target
less important to reach than other vowels’, or exclude tense
high vowels from the effect observed for all other vowels. Nei-
ther account can be rejected on these grounds. However, we
believe that attributing schwa’s position to properties common
to all vowels except tense high ones requires fewer auxiliary
assumptions, as would become evident in the following
sections.

Regardless of the underlying cause, our findings provide
further acoustic support to the idea that schwa’s position is
not dictated exclusively by the context in which it occurs. Our
findings do not mean that schwa would have any one target
in acoustic space, but they do suggest that there are attractors
that draw schwa to higher F1 values when its duration is
longer.

4.2. Reduced vowel neutralization vs. assimilation

Do vowels assimilate or neutralize when their duration is
shorter? Study 2 shows that most vowels assimilate to their
context more when their duration is shorter than when it is
longer, consistent with an assimilation approach. However, like
schwa, all vowels except tense high ones shift toward lower F1
values when their duration is shorter, and all vowels except /u/
and /ee/ shift toward more central F2 values when their duration
is shorter, consistent with a neutralization approach (Crystal,
2008; Kondo, 1994; Ladefoged & Johnson, 2010: 97). How-
ever, the neutralization-like behavior is not neutralization to
the position schwa vowels occupy in many different languages
(Recasens 2021), as even lax high vowels shift to lower F1 val-
ues when their duration is short, not to the middle of the vowel
space.

This would suggest that phonological and diachronic neu-
tralization to mid-central positions involves an additional com-
ponent that pushes the reduced vowel toward higher F1 values
compared to the variable reduction patterns observed here.
One possibility is that schwa repeatedly obtains specific tar-
gets in different languages, which happen to approximate the
assumed neutral position, e.g. in response to dispersion pres-
sures that push it away from other vowels (Flemming, 2004).
This gains support by the observation that the production of
schwa in different languages seems to depend on the pres-
ence of other mid-vowels (Recasens, 2021). Another possibil-
ity is that the property of being a vowel translates to a draw

toward the neutral position, and then schwa need not have a
target of its own, providing a more parsimonious explanation.
These findings parallel our findings for schwa’s synchronic
draw to higher F1 values when its duration is longer.

That lax high vowels also shift to lower F1 values when their
duration is short also serves as counterevidence to the possi-
bility raised by van Bergem (1994), that the mid central position
is simply the average of the many different contexts in which
schwa is articulated.

4.3. Schwa’s sensitivity to context and duration

One of the main arguments for schwa’s targetlessness is
that it is more susceptible to contextual variability than other
vowels (Bates 1995; Recasens 1991). We raised the possibil-
ity that schwa is simply shorter than other vowels and therefore
more susceptible to the influence of its context, but Study 3
rules out this possibility. We compared schwa to other vowels,
and found that schwa is never less susceptible to the effect of
context relative to other vowels, and it is also more susceptible
to the correlation between duration and F1.

Such results could be taken as evidence that schwa lacks a
target altogether, but as we discussed in 4.1, the shift in F1 is
not consistent with schwa having no attractor to higher F1 val-
ues when its duration is longer. We proposed that the acoustic
position of vowels that have a target is dictated by three fac-
tors: the target (TarRGeT), the context in which they occur (con-

TexT), and the property of being a vowel (voweL), which are
weighted differently when coarticulatory pressures increase
(a version of Moon & Lindblom, 1994). The results are consis-
tent with two possibilities. First, it is possible that schwa does
have some TARGET which attracts it to higher F1 values when
its duration is longer but speakers learn that the importance
or weight of TarRceT for schwa is lower than for other vowels,
and more readily compromise it (Keating, 1990; Flemming
2001). The other alternative, consistent with Flemming (2009:
88), is that schwa is not affected by TarceT at all, and the draw
to higher F1 values is due to voweL. In this case, speakers do
not try to reach higher F1 values to approximate any target in
particular, they do the same thing they do for all other vowels
except tense high ones, and since schwa does not have an
actual target, the effect of the two remaining attractors is more
pronounced than it is for other vowels. On these grounds too,
we find the latter possibility as being more parsimonious.

4.4. Theoretical motivation for schwa having or lacking a target

Short duration vowels increasingly assimilate to their con-
text, but also neutralize, such that they occupy a smaller
acoustic space, and generally shift toward a higher and more
central position (Flemming 2004, as well as Study 2 in this
paper). This applies to lax high vowels too, which suggests that
the cross-linguistic mode for schwa vowels is not motivated by
vowel reduction directly. Some other factor, a repeatedly
acquired target or some other factor must be responsible for
finding schwa at these mid-central positions. The mid-central
position is also where the average production of American
English schwa is centered around when schwa’s duration is
longer.
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Why would schwa acquire similar targets in different lan-
guages, and perhaps in American English too? Perhaps the
more mid-vowel quality serves a perceptual role of distinguish-
ing schwa from the lax high vowels it approximates when its
duration is short, and provides evidence for its unstressed
quality. If so, lower F1 articulations could highlight schwa’s
contrast relative to other vowels (Dispersion Theoretic motiva-
tion, Flemming, 2004), which is consistent with the idea that
so-called weak prosodic positions need to signal their contrast
relative to so-called strong prosodic positions, attested simi-
larly in consonant lenition (Kingston, 2008; Katz, 2016). One
possible issue with that goal is that Erickson and Kawahara
(2016) argue that more open vocal tract is related to higher
prominence, which would imply that the more prototypical
mid-central schwa is more prominent.

If schwa does not have a target, and its shift to higher F1
values follows from voweL rather than TaRGET, then we may
wonder why voweL would involve a more open vocal tract. Per-
haps longer duration in the corpus follows from greater promi-
nence, which translates (along the lines of Erickson and
Kawahara, 2016) to a more open vocal tract. In other words
vowel reduction patterns alone may head toward a central high
position, but if speakers produce such vowels in prosodically
prominent contexts, they would not keep the vowel high (be-
cause it lacks a target), and produce a more mid vowel instead.

We ran post hoc tests to see if the relationship between
prominence and greater F1 values holds in our data, using
the maximal intensity of a vowel token as a correlate of its
prominence. We used a procedure similar to the one described
above for Fig. 4, and added log duration as a predictor, with
intensity as the dependent variable. Duration and intensity
were z-transformed by vowel and speaker. In the first set of
models log duration was used to predict maximal intensity,
and the two were positively correlated for all vowels. In the sec-
ond set of studies duration and maximal intensity were used
jointly (along the other controls) to predict changes in F1.
The direction of the association between duration and F1 did
not change for any vowel. Greater intensity was correlated with
higher F1 values for all vowels except /u/ (but including /i/),
even after controlling for duration. The post hoc test does not
reveal the causal structure of the positive correlation between
intensity and F1 for almost all vowels, but it does mean that
making vowels louder and increasing their F1 are causally
linked, and that the effects of increased intensity and increased
duration on F1 cannot be reduced to one another, even if the
increase in F1 is related to an increase in prominence.

5. Conclusion

We addressed two inter-related questions, whether phono-
logical vowel reduction is a neutralization or assimilation type
process and whether American English schwa lacks an acous-
tic target. We used a novel approach, which relies on an obser-
vation by Lindblom (1963) and Moon and Lindblom (1994) that
as vowels get shorter, they increasingly reflect coarticulatory
pressures. We benefited from using the Buckeye corpus, a
large collection of carefully annotated speech, to test schwa’s
response to variable duration, and contrast its variability with
other vowels. We find that American English schwa seems to
involve a higher-than-expected F1 value when its duration is

long, paralleling previous articulatory studies. This effect is lim-
ited to F1, not F2, consistent with Kondo (1994). We also repli-
cated existing accounts that show schwa’s increased
sensitivity to contextual effects relative to other vowels, which
form the basis for the argument that schwa is targetless (Bates,
1995).

As for vowel reduction, we find that American English vow-
els do exhibit greater assimilation to context when their dura-
tion is shorter, but they also seem to neutralize toward a
central high position, not the position that schwa occupies
cross-linguistically, and not the position toward which it shifts
when its duration is long. Together, these results suggest that
the diachronic and phonological reduction toward schwa
necessitates an additional attractor, and we speculate that this
attractor could follow from dispersion theoretic pressures, or
from a pressure to increase vowel prominence in specific
contexts.

One limitation of this set of studies is that they involve just
one language, American English. In the future, we hope to
replicate these findings in other languages, with different con-
sonantal contexts and different vowel systems. We would like
to make sure the results reflect the broad effect reduced dura-
tion has on vowel formants, and not only reflect what is typical
for American English.
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