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Abstract
Vowel Reduction in Polish
by
Pawel Marcin Nowak
Doctor of Philosophy in Linguistics
University of California, Berkeley
Professor John J. Ohala, Chair

It is well known that Polish vowels are heavily fronted and raised in the vicinity of
consonants with a palatal component, but this phenomenon has not hitherto been
analyzed in detail. In this work, we present a comprehensive analysis of the variability of
Polish vowels, focusing on the role of consonantal context and its interaction with vowel
duration. We also consider, however, other factors that are known to affect vowel
articulation.

The study is based on data from four native speakers of Polish. Each subject was
recorded reading an identical text twice, once at a normal speech rate and once at a fast
speech rate, and contributed a short spontaneous narrative. The recordings were
segmented with a semi-automatic amplitude-based algorithm and steady-states were
automatically determined (defined as points at which the sum of the percentage rates of
change of the first three formants was at its lowest). F1 and F2 of approximately 5000
tokens were measured at these points using a Linear Predictive Coding algorithm, and the

2
results were standardized. Each phonologically non-nasal vowel was classified according
to a number of phonetic, phonological, morphological and syntactic criteria. The results
were analyzed with multiple linear regression, with separate models constructed for
different vowel classes in the height dimension (high, mid and low) and in the front-back
dimension (front, central, back). In addition, a separate model was constructed for vowel
duration.

Vowel duration and place of articulation of adjacent consonants were found to be very
good predictors of formant variability in almost all cases, which yields strong support to
Lindblom’s (1963) target undershoot model of vowel reduction. As expected, the impact
of consonants with a palatal component was particularly strong, but consonants with
other places of articulation had a non-negligible effect as well. In all cases, the impact of
the preceding consonants was stronger than that of following ones. Consistent with the
findings of other researchers, we have found that vowel formants were influenced by
several other factors (consonant manner, stress, content/function status of the word and
speech style, among others). Word frequency, however, did not appear to play a
significant role.
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Introduction

Phonological descriptions of languages are frequently accompanied by vowel charts in
which each vocalic phoneme is represented by a single point in a two-dimensional
space. 1 Even the quickest glance at actual phonetic data reveals that this is a form of
rather extreme idealization. Formant values of phonologically identical vowels vary
widely by the token and it is more appropriate to identify vowel phonemes with regions
of vowel space, although the problem here is that areas assigned to separate phonemes
frequently overlap.

However, representing vocalic phonemes with single points in the vowel space is
perfectly justified if it is assumed that each vowel has one specific target from which it
deviates to a greater and lesser extent under the influence of contextual factors. This
deviation is known as vowel reduction and a given vowel token may be said to be more
or less reduced depending on its distance from the target.

Studying the mechanisms that govern vowel reduction is significant for a number of
reasons. From the purely phonetic point of view, it has the potential to provide direct
insights into the nature of coarticulation, a ubiquitous phenomenon with many
implications for theories of speech perception and production. In addition, some recent
studies have suggested that the degree of vowel reduction can be directly impacted by
1

Allophones derived with categorical phonological rules might also be shown with separate points, but I
eschew this complication at this point.
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functional factors such as the speaker’s concern for the listener’s ability to comprehend
the utterance. This makes vowel reduction a key issue in the ongoing debate about where
to draw the boundary between phonetics and phonology (if indeed such a boundary is
needed at all). This debate in turn has implications for the even more complex question of
how to distinguish what is universal and what is language-specific.

This dissertation is an attempt to contribute to these debates by providing a
comprehensive model of vowel reduction in one language, with a particular focus on the
relative importance of the various factors that influence it. The language in question is
Polish, and the work is based entirely on natural speech.

In the context of this work, “natural speech” means that variables are not experimentally
controlled for (with very few exceptions) and that subjects perform tasks comparable to
their normal patterns of language use. The advantages of such an approach are clear. Not
only does it allow us to consider more variables, but it also enables us to get closer to our
object of study – the natural linguistic behavior of human beings. However, such an
approach also requires that the amount of data processed be far greater than in more
tightly controlled experimental studies. Aside from time concerns, processing large
amounts of data raises the problem of the degree of objectivity and consistency of the
investigator’s judgments necessary to transcribe and annotate it. One frequently-used
method is cross validation by a number of researchers, but it was not possible to employ
this option in this work. To address this issue in a different way, a significant background
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concern in this work was defining and developing data-analytic procedures that are as
objective and algorithmic as is feasible.

As far as Polish is concerned, the phonetic variability of its vowels has not hitherto been
described in great detail. The language provides a particularly interesting ground for the
undershoot model of vowel reduction, because it has a rather extensive set of consonantal
place of articulation contrasts. It also has no phonological (i.e. neutralizing) vowel
reduction, which is a two-fold advantage in this kind of study. Not only does it obviate
the risk of confusing phonetic and phonological factors, but it also allows us to study
significantly destressed or shortened vowels. (In a language with phonological vowel
reduction, reduced vowel phonemes such as [´] would typically be found in such
positions). At the same time, it can be assumed that sound systems that display
phonological vowel reduction originate in ones that do not, which means that studying
the latter has clear implications for the former.

The remainder of this chapter discusses previous studies of vowel reduction in general
and specifically in Polish and presents an outline of the work.

4
1.1

The undershoot model of vowel reduction.

1.1.1

Lindblom (1963)

The seminal paper for the study of vowel reduction was Lindblom’s (1963) study. The
experiment described in this study was based on the speech of a single male speaker of
Stockholm Swedish, who recorded nonce CVC words involving the eight short (or lax)
vowels of Swedish in three consonantal contexts (b_b, d_d, g_g). Each of the 24 CVC
words thus obtained was produced in four different carrier phrases constructed so as to
vary phrasal stress falling on the word in question. As a result, vowels were obtained with
great variations in length (80-300 ms.). Lindblom summarized his results as follows:
“the formant frequencies of all vowels are exposed to some change as vowel length
decreases. This displacement is observed in the first, second and third formants, but is
most conspicuous in the second. It appears to be a continuous monotonic function of
vowel duration” (519).

Lindblom developed specific mathematical formulas predicting the values of the lowest
two formants. According to these formulas, the observed formant values are a function of
the target formant frequency of the vowel, the consonantal context and vowel duration.
The basic idea is very simple: the shorter the vowel is, the more susceptible it is to
consonantal influence. Therefore, the shorter it is, the more the observed formant
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frequencies differ from the target formant frequencies. However, the precise relationship
between the key elements of the model is rather complex.

The general formula for F2 takes the following form (Lindblom 1963:519, symbols
slightly modified):

F2 = α (F2i – F2t)*2.73-βτ + F2t

where F2 represents the predicted steady-state formant values, τ represents vowel
duration, α and β are consonantal constants (one per consonantal context, i.e. vowelindependent), F2t represents the target F2 frequency (one per vowel, i.e. consonantindependent) and F2i represents the F2 value observed at vowel onset. That last value is
clearly an indirect representation of the acoustic target (or locus) of the preceding
consonant, one that factors in the influence of the vowel on the consonant. Although the
following consonant is not directly incorporated into the formula, it should be
remembered that the formula is devised for perfectly symmetrical consonantal contexts.

It can be easily verified that the amount of duration-related undershoot in the second
formant predicted by Lindblom’s formula is directly related to the difference between the
acoustic target of the consonant and the acoustic target of the vowel (F2i – F2t). It can
therefore be said that Lindblom’s formula indicates that the greater the acoustic distance
between the vowel and the neighboring consonant is, the greater the deviation of the
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vowel’s second formant value from the target value will be in the same amount of time.
In other words, the rate of formant change depends on the distance between the vowel
and the consonant; it is the highest when the vowel and the consonant are the most distant
acoustically. Of course, acoustic events reflect articulatory events. In particular, the rate
of formant change reflects the speed of articulatory movements, and acoustic distances
are correlated with differences in articulatory configurations. Lindblom’s model thus
suggests that the speed with which articulators move is directly correlated with the
distance they have to travel . 2

If we consider a hypothetical example of the vowels e and o produced with the same
duration after a palatal consonant, the latter vowel can clearly be said to be more distant
from the consonant in question, both acoustically and articulatorily. Lindblom’s
prediction in this situation is that there will be a greater difference between the observed
and the target F2 frequency of o than between the observed and the target F2 frequency
of e. The reverse might be the case after a different consonant, e.g. a velar. It should be
noted that while this prediction is intuitively plausible, it is not logically necessary. It is
perfectly possible to imagine a scenario under which the amount of undershoot is a
function of a vowel duration variable and a set of consonantal constants only. In that
case, e and o of the same duration would be predicted to differ from their respective
targets by the same amount when pronounced after a palatal consonant (or any other

2

We are not suggesting that the relationship between acoustic and articulatory events is straightforward.
We will discuss the articulatory underpinnings of undershoot in depth in the final chapter of this work.
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consonant, for that matter). In other words, under this scenario articulators move with the
same speed regardless of the distance they have to travel.

Lindblom’s general formula for the first formant is slightly different (1963:521, symbols
slightly modified):

F1 = α (375 – F1t)*2.73-βτ + F1t

The variables and constants have the same meaning as in the case of the F2 formula,
given the difference in formant numbering. The crucial observation is that there is no F1i
value. Instead, the analogue of F2i – formant value at vowel onset – is a fixed value of
375 Hz. This value “refers to a frequency that, according to spectrographic
measurements, the first formant comes close to almost instantaneously after the plosion
during the transition from /b-/, /d-/ or /g-/ to a following vowel” (521). This can be
understood as indicating that the acoustic targets of labials, dentals and velars are
approximately the same in the F1 domain, in contrast with the locus variability observed
in the F2 domain.

The value of 375 Hz is not, of course, a phonetic universal. It has to be seen in the
context of other formant values reported for the single Swedish speaker that Lindblom’s
study is based on. In fact, in Lindblom’s data only non-high vowels have first formant
values higher than 375 Hz. They range from 425-760 Hz. According to the formula, the
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larger this value, the greater the amount that will be subtracted from the target F1 value
of the vowel. This means that the more open the non-high vowel is, the greater the
amount of F1-lowering in the same amount of time will be. Thus Lindblom’s prediction
is that the distance between the observed and the target F1 value will be greater in a low
vowel such as a than in a mid vowel such as e with the same duration, in all consonantal
contexts. Since, as was mentioned above, the value of 375 Hz in effect represents the
acoustic target (locus) of the consonants considered by Lindblom, the F1 formula makes
exactly the same prediction as the F2 formula: the amount of undershoot increases as the
distance between the consonant and the vowel increases.

In the case of the second formant, Lindblom’s formula predicts that target undershoot can
result in formant values that are either higher or lower than the target F2 value, depending
on whether the F2i value is higher or lower than the F2t value. In other words, the
undershoot effect in the F2 domain does not have uniform directionality: whether F2raising or F2-lowering is observed depends on the specific consonant-vowel combination.
In the case of the first formant, we see that for all the vowels with target frequencies
higher than 375 Hz – i.e. all the non-high vowels – the predicted effect is one of F1lowering, regardless of the consonantal context. In other words, in the F1 domain, the
undershoot effect has a uniform directionality for non-high vowels. This has the
interesting consequence that although the undershoot effect may be more “conspicuous”
in the F2 domain, as suggested by Lindblom, there is a sense in which it may be easier to
describe in the F1 domain, because in the latter case we do not have to take into
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consideration interactions between specific consonants and vowels. As suggested by
Flemming (2006), this is also likely to be the reason why undershoot is more likely to be
phonologized in the F1 domain than in the F2 domain. In the former case, durationrelated variation in vowel formants can be abstracted away from the consonantal context;
in the latter, it cannot.

In Lindblom’s data, the three high vowels considered have F1 values slightly lower than
375 Hz, ranging from 325-370 Hz. The formula shown above predicts that in this case,
decrease in duration should result in F1-raising. In other words, it predicts that the
undershoot of high vowels should result in their becoming more open. This would
suggest that the F1 acoustic targets (loci) of dentals, labials and velars are higher than the
acoustic targets of high vowels. Given the fact that consonants require a higher degree of
vocal tract constriction than vowels, this appears unlikely. In fact, Lindblom
supplemented the F1 formula with a stipulation that the predicted F1 value will be equal
to the target value for all vowels whose target F1 frequencies are lower than 375 Hz. In
other words, he predicted no duration-dependent undershoot for high vowels. It is
therefore interesting and somewhat puzzling to note that there are examples of such
phenomena on the phonetic level. For instance, in Russian unstressed i and u are more
open then their stressed counterparts (Alan Timberlake, p.c.). Flemming (2006) suggests
that in such cases F1-raising may be due to vowel-to-vowel coarticulation with non-high
vowels, but this issue clearly deserves further exploration.
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Lindblom’s (1963) formulas imply two major theoretical claims that are also made
explicit in the discussion part of his paper. First, no special role is assigned to contextfree centralization, which had been done in previous literature, for instance by Stevens
and House (1963). On that analysis, vowels in “reducible” positions, e.g. unstressed, have
a tendency to “degenerate” into schwa, regardless of the consonantal environment they
are in. Lindblom argues instead that if reduction towards schwa is observed it is the result
of assimilation to “schwa-like” elements in the environment (e.g. some vowels and “the
rest position” of the vocal tract, 524). He also mentions, without endorsing but also
without criticizing, Joos’ (1948) view that centralization may be observed because the
average effect of various consonants is centralizing; this view appears to be broadly in
agreement with Lindblom’s position, at least as far as F2 is concerned. Second, duration
is seen as the only other factor that needs to be considered in addition to the segmental
context, and the source of durational variation is irrelevant. Vowels are predicted to be
reduced in the same way when shortened by destressing, increase in speech rate or any
other factor, and none of these factors is predicted to have an additional influence on
vowel spectra.

Subsequent research on vowel reduction has by and large focused on testing these two
claims. The evidence for and against them will be now discussed in the two following
sections. It may be worth pointing out that the two hypotheses are not entirely
independent. Vowel reduction can only be expected to be inversely correlated with vowel
duration if the underlying mechanism is contextual assimilation (undershoot). If
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reduction is not caused by undershoot, but involves instead an attempt to approximate a
point close to the center of the vowel space, in some consonantal contexts it could
actually be expected to be inhibited by vowel shortening. However, there is no such
necessary relationship in the opposite direction. Though extremely unlikely, it is possible
that target undershoot is the cause of vowel reduction, but changes in vowel duration
have little or no effect on its scope.

1.1.2

Undershoot vs. centralization

Delattre (1981) criticized Lindblom’s view on the role of undershoot in vowel reduction,
arguing that such coarticulatory influence is small. He analyzed acoustic and X-ray data
from French, German, Spanish and English and concluded that each of these languages
showed a different degree of vowel centralization, and that the way in which acoustic
centralization was implemented articulatorily also differed by language. (Thus, in French
there was little centralization of the tongue position but a significant degree of lip
unrounding and unspreading, while in German the converse was observed). He also
concluded that each language had a different “acoustic pole of attraction”, i.e. that in each
language the “center” of the vowel space towards which vowel formants moved was
different. Delattre’s results, while interesting, are seriously flawed. As pointed out by van
Bergem (1993), he treated phonetic vowel reduction in languages such as French and
Spanish on a par with phonological vowel reduction in English. Thus, the words recorded
by his English subjects included such pairs as disable~disability and abolish~abolition, in
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which a full vowel alternates with schwa. In his data, schwas seemed to preserve some
information about the quality of the stressed vowel with which they alternated,
suggesting that spelling pronunciation was involved.

Schouten and Pols (1979) studied spectral variation in a large corpus of Dutch CVC
syllables recorded both as word lists and in a specially constructed passage. They
concluded that consonantal influence on vowel midpoints was little different from
random. However, consonantal influence did account for 3-9.5% of observed variance
(more on F2 than on F1). While this is a small number in absolute terms, it has to be
borne in mind that over 80% of variance was accounted for by the vowel’s phonemic
identity.

Koopmans-van Beinum (1980) observed that the vowels of Dutch speakers move closer
to the center of the vowel space when they are unstressed and spoken in less formal
speech conditions. She averaged over a number of consonantal contexts and she did not
attempt to verify whether the overall centralization could be an average effect of differing
consonantal contexts.

Nord (1986) analyzed data from four speakers of Swedish pronouncing bisyllabic content
words constructed in such a way so that each vowel to be analyzed appeared in an
invariant consonantal frame, with stress and word position independently varied. That
consonantal frame always involved dental consonants, and Nord’s conclusion was that
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unstressed vowels in the initial syllable tended to coarticulate with them and move closer
to the dental locus estimated at 350 Hz for F1 and 1650 Hz for F2. Final unstressed
vowels, however, were reduced more towards the center of the vowel space (500/1500
Hz). The author ascribed this last result to coarticulation with the “relaxed position” of
the vocal tract. His results are thus compatible with Lindblom’s theory, provided that it
can be explained why final vowels were more susceptible to coarticulation with the rest
position of the vocal tract than initial vowels. (The words were recorded in isolation,
hence presumably the speakers’ vocal tract was in the rest position both before the start
of the word and at the end of it). Perhaps it can be argued that anticipatory coarticulation
in general tends to be stronger than perservatory coarticulation. Alternatively, it is
possible that the consonants flanking the unstressed vowels in question had different
coarticulatory effects in initial and final syllables, because they were pronounced in
different ways. (This could be due to their location in the word or their location vis-à-vis
the stressed vowels).

Van Son and Pols (1990, 1992) examined the realization of formant frequencies of Dutch
vowels in a text read by a single speaker at two speech rates. The only statistically
significant difference between the two speech rates was observed in F1. Curiously, for
almost all the vowels the F1 value was higher in the fast speech rate, contrary to the
predictions of the undershoot model. The authors suggested that the speaker may have
spoken louder in the fast rate, which would result in more extreme jaw gestures. This,
however, could not be verified, because the recordings had not been calibrated for
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loudness. It should be pointed out that the amount of vowel shortening between
conditions was only 15% in this study, resulting in a much smaller range of vowel
durations than that examined by Lindblom (1963). It is conceivable that these betweenrate differences should not be described as “vowel reduction” at all.

Fourakis (1991) examined the speech of eight Midwestern speakers of American English
pronouncing the monophthongal vowels of their language in the frames [h_d] and [b_d].
Stress and speech rate were both independently varied, and the results were analyzed on a
three-dimensional vowel space based on f0 and the first three formants. It was found that
the lack of stress and an increase in tempo tended to make vowels approach the neutral
position in the three-dimensional vowel space, i.e. the value that would have been
obtained for a uniform vocal tract. However, exactly the reverse happened for [I] and [E],
which seems to clearly suggest that any putative “centralization”, if present at all, was
overrun by contextual assimilation to the following [d], i.e. undershoot in Lindblom’s
(1963) sense. These effects were not very robust statistically, but there was a statistically
significant shrinkage of the overall vowel space brought about by changes in stress and
tempo.

Van Bergem (1993) recorded 15 speakers pronouncing CVC syllables that happen to be
existing content and function words in Dutch. He also found longer words in which these
syllables appeared as stressed or unstressed, and he varied sentence accent. He analyzed
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in detail the formant changes in one of the vowels, /E/, and concluded that an undershoot
account was preferable to a centralization account.

With the exception of the rather questionable data of Delattre (1981) and the data of
VanSon and Pols (1990, 1992) whose validity is difficult to evaluate, the papers
discussed in this section either support Lindblom’s analysis of vowel reduction as target
undershoot, or at least do not directly contradict it. They do not suggest that centralization
should be considered a separate factor.

1.1.3

The role of duration

Fourakis (1991) and VanSon and Pols (1990, 1992) observed generally low correlation
between vowel duration and the amount of acoustic vowel reduction. It will be recalled,
however, that in the latter studies, the overall amount of durational variability of vowels
was quite low (15% shortening in a fast speech rate). Other studies have generally
observed that there is a relationship between a vowel’s duration and its formant
frequencies, but that one need also to consider other factors such as stress, speech style
and lexical properties of words.

Harris (1978) examined data from three American English speakers pronouncing the
nonsense words /´pipip´/ and /´pipib´/, with stress on either the penultimate or the
antepenultimate syllable, pronounced at two speech rates. Unusually, the only formant
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measured was F3, because F1 was obscured by background noise and F2 and F3 seemed
to behave in a parallel manner. Harris concluded that stress and speech rate have different
effects on vowel formants: the reductive influence of destressing is greater and more
consistent across speakers than the influence of increased speech rate. She noted that
stressed vowels spoken at the fast rate tended to have higher F3 values than the
unstressed vowels spoken at the slow rate even when they were equal in duration. In
addition, she pointed out that the length differences brought about by the voicing of the
following consonant (in this case /p/ and /b/) do not seem to be correlated with formant
frequency variation. On the basis of both the acoustic and electromyographic data, Harris
concluded that stress involves “extra energy”, and suggested this explanation as an
alternative to the duration-related part of Lindblom’s (1963) undershoot hypothesis.

Gay (1978) reported similar results. In his main experiment, four speakers of American
English (trained phoneticians) recorded the nine monophthongal vowels of English in a
[p_p] frame at two speech rates. Formant measurements made at the midpoint of the
vowels showed that little variability was induced by speech rate changes. This raised the
question of how the constancy of the acoustic target was achieved, given the reduction in
duration. Two possibilities were entertained: increased coarticulation (articulator
movement towards the vowel target begins closer to the consonantal closure) and
increase in the speed of articulator movement after the release of the consonant. The
examination of F2 onset frequency showed that at the faster rate it was closer to the target
frequency of the vowel, thus supporting the first answer. The speed of movement did not
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seem to change. In addition, a more limited corpus of [k_p_p] words with varied stress
was created. It was found that there were no differences between vowels falling in the
same stress condition at different speech rates other than duration. But unstressed vowels
were consistently lower in amplitude and F0, as well as somewhat “reduced in color”,
even when as a result of speech rate manipulation their duration was comparable to that
of their stressed counterparts.

Nord (1986) found that Swedish speakers produced few spectral differences between
stressed vowels, even when such vowels differed in duration. (Variations in duration
were obtained by varying the position of the stressed syllable within the word).
Unstressed vowels, however, tended to be reduced vis-à-vis the stressed vowels, even
when their duration was comparable.

Fant et al. (1991) compared Swedish, French and English. They reported that the stressed
and unstressed /e/ in French had exactly the same formant frequencies, despite the fact
that unstressed vowels were shorter. While the authors were not explicit about this, it
appears that the “expected” degree of reduction was observed in their Swedish and
English data. The interest lies in the fact that the reported durations of unstressed vowels
were roughly the same in all the languages studied (120-140 ms).

It appears then that there is a large body of evidence suggesting that changes in duration
brought about by stress variation and changes in duration brought about by speech rate
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variation do not result in similar changes in formant frequencies in several languages for
which this problem was studied. A possible difference in the articulatory mechanisms
underlying durational variations of the two types was suggested by Edwards et al. (1991),
who analyzed the speech of four American English speakers using an optoelectronic
tracking system. Their experimental material varied nuclear accent, phrasal position and
speech rate. Accented syllables had longer opening and closing gestures with no change
of peak velocity and with an increase in peak displacement for some of the subjects.
Within the task-dynamic model, they interpreted this as indicating that durational changes
related to accentuation result from changes in the relative timing of adjacent gestures; in
other words, that the unaccented syllables are truncated. 3 Syllables spoken at the slow
rate, on the other hand, involved longer gestures with slower peak velocities, which they
interpreted as a change in the stiffness of gestures. It should also be noted that Kuehn and
Moll (1976), who used cineradiography, observed that different subjects achieved speech
rate increases differently – some of them decreased articulatory velocity at the cost of
displacement, which is consistent with the data of Edwards et al. (1991), while some of
them increased it. (Cf. also the data of Gay 1978 discussed above). Thus at the
articulatory level, the implementation of speech rate, but not stress, may be subject to
individual variation. This is also supported by the electromyographic data of Tuller et al.
(1982). The authors of that paper also suggested that the fact that the underlying
mechanisms of durational lengthening in stressed syllables and in slow syllables are

3

Truncation is further discussed and modelled by Harrington et al. (1995), Carré and Chennoukh (1995)
and Carré and Divenyi (2000).
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different should not be seen as surprising, because in each case the goals of the speaker
are different – achieving acoustic prominence in one case, slowing down in the other.

Koopmans-van Beinum (1980) analyzed speech of Dutch speakers in a variety of modes
– vowels pronounced in isolation, isolated words, read text, retold story and free
conversation. The observed correlations between duration and the degree of vowel
reduction were not very high and they were significant for some of the vowels only.
Discussing the discrepancy with the findings of Lindblom (1963), she noted that it arose
because vowels tended to be more reduced than would be expected on the basis of
duration alone in the “running speech” modes (retold story and free conversation). This
raised the possibility that speech mode or style plays an independent role in vowel
reduction, with the less “formal” modes allowing more reduction.

Another potentially related effect observed by some researchers is communicative intent,
i.e. the idea that vowels pronounced “clearly” may show less reduction than other vowels,
irrespective of their relative durations. Bernstein-Rattner (1985) examined a corpus of
content and function monosyllables that were recorded spontaneously spoken by five
English-speaking mothers to their children and to adult interviewers. Only words that
could be matched for speaker, sentence position and intonational contour of the sentence
were analyzed. She found that except for the “corner” vowels, the vowel space was more
centralized in function words directed to adults, despite the fact that there were no
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significant durational differences between the two registers. Most strikingly, the vowels
[Q] and [I] were clearly more centralized in adult-directed function words, despite the
fact that their durations did not differ at all across the two registers. It is interesting to
note that this effect was only observed in function words, which probably differed from
content words in being unstressed and, as Ian Maddieson (p.c.) points out, more
predictable from context.

Picheny

at

al.

(1985)

analyzed

recordings

of

nonsense

sentences

spoken

“conversationally” and “as clear as possible” by native speakers of American English. All
five speakers increased vowel duration in the clear speech register, but the amount of the
increase differed between the tense monophthongs (80 ms on average) and the lax vowels
(20 ms on average). 4 However, formant frequency differences were much greater in the
case of the lax vowels, indicating a dissociation between reduction and duration. The
authors suggested that this may have been due to the fact that the speech rate in the
conversational mode was not fast enough to disturb the formant frequency patterns of the
tense vowels at their midpoints.

Moon and Lindblom (1995) examined some American English vowels in a [w_l] frame,
designed specifically to induce the greatest possible coarticulatory influence. They varied
vowel duration not by varying stress or tempo, but by making use of the fact that vowels
in English tend to shorten as the word in which they appear gets longer. Thus, they used
4

These values were not reported directly, but had to be read off from relatively small figures.
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words of the form will, willing, Willingham. Five subjects pronounced these words in a
“citation form” and then “as clearly as they could”; in addition, they recorded the vowels
in the “null” context [h_d]. The main finding of the study was that though F2 differed
from its null context value both in clear and in citation speech, in the latter the differences
were greater. Having plotted F2 values against duration, the authors argued that these
differences could not be reduced to durational variation, even though in clear speech the
sounds were longer. There were vowels of approximately the same duration whose
formant values nonetheless differed depending on whether they were “clear” or “citation”
tokens. This effect, however, was not analyzed statistically, and speaker-dependent
variation was considerable. In fact, the effect appeared to be really clear only in a handful
of cases. In addition, some vowels in some of the subjects’ speech seemed to behave in a
duration-independent way (in particular the “tense” vowels). The authors concluded that
speaking clearly involves increased articulator speed that results in faster transitions
between segments.

There are, however, several studies that question the existence of significant spectral
variation between speech styles. Ladefoged et al. (1976) examined a range of American
English vowels in a range of speech styles, ranging from very informal to the reading of
frame sentences. They found that while there was a good deal of variation as such, “there
was surprisingly little difference between styles” (230). Huang (1991) found little effect
of speech style (read vs. retold story) on spectral properties of vowels, and suggested that
the lack of such effects in American English as opposed to Dutch (cf. Koopmans-van
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Beinum 1980) or British English (cf. Swaffield et al. 1961) may be best explained by
sociolinguistic factors. Of interest is also the somewhat puzzling result of Summers et al.
(1988), who compared speech produced in noise to speech produced in quiet conditions.
They concluded that one could not claim that in the former the vowel space was
expanded, i.e. vowels were less reduced. In fact, one of their two subjects appeared to
centralize his vowels in the noisy condition. Despite that, the tokens recorded in the noisy
condition were recognized more accurately in the perceptual part of the study, which the
authors interpreted to be a consequence of increased amplitude and duration. Thus
“speech in noise” was found to differ from “clear speech” in that it does not constrain
vowel reduction, but it also results in improved intelligibility.

In recent years, there has been a growing interest in the impact of language use on
linguistic structure. There is a large body of evidence that processes that can be described
as “reduction” (i.e. failure to fully realize the target) are more common in more frequent
words. For instance, Bybee (2000) presents evidence that final alveolar stops in English
are deleted more often in more frequent words. According to Jurafsky et al. (2001), word
frequency is correlated with different degrees of reduction because it provides a crude
measure of word predictability. Analyzing English spontaneous speech, Jurafsky et al.
argue that it is predictability that governs such reductive processes as word shortening,
deletion and categorical vowel reduction (full vowel vs. schwa): the less predictable a
word is, the less reduced it will be. Such behavior on the part of the speaker is readily
explainable as an attempt to make the listener’s task easier (of course, not necessarily in

23
any way a conscious attempt to do so). Predictability, unfortunately, is very difficult to
measure. Word frequency can capture it only in a very crude way, as many other
complicating factors are involved (syntactic, semantic and pragmatic).

Several other researchers have presented evidence that variation in the scope of reduction
that could be attributed to the speaker’s paying attention to the listener’s needs may be
driven by more than predictability per se. Wright (2003) found that “hard” words had a
more expanded vowel space than “easy” words, where “hard” words were those with
higher neighborhood density and lower relative frequency. Thus it could be said that
“hard” words were articulated more clearly. Interestingly, only the formant values of the
“point” vowels seemed to be significantly affected, and not those of the mid vowels.
Unfortunately, Wright did not report whether the vowels in those two types of words
differed in duration.

It is also interesting to compare the results of Wright’s (2003) study with those of
Scarborough (2004). Investigating vowel nasalization rather than vowel reduction, she
found that the degree of coarticulation was greater for the “hard” words. To account for
this, she suggested that this type of coarticulation is actually beneficial to the listeners,
because it enables them to clearly perceive the nasality of the following consonant. A
parallel argument could conceivably be made for place-related coarticulation between a
vowel and an adjacent consonant. It is thus possible that in a language other than English
one could find the exact opposite of the phenomenon observed by Wright – i.e. vowel
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space ostensibly shrunk in “hard” words. (“Ostensibly”, because that shrinkage would be
a result of average consonantal influence, not a drive for centralization). In fact, as was
mentioned above, one of Summers et al.’s (1988) subjects appeared to centralize his
vowels in noise, with improvement rather than deterioration in their rate of recognition.
What is problematic is the fact that both Wright (2003) and Summers et al. (1988)
investigated American English. The issue clearly requires more research.

Finally, we need to consider views that do not question that there is a relatively
straightforward correlation between the degree of vowel reduction and vowel duration,
but question the causal nature of this relationship. This was the position espoused by
Delattre (1981), who argued that Lindblom (1963) did not show that duration is the
“primary cause” of vowel reduction, since it only reflects changes in stress and tempo.
Van Bergem (1993) found generally high correlations between vowel durations and
formant frequency displacements (though the result was less clear cut when data from
individual speakers were considered separately). He nonetheless expressed his scepticism
towards the view that vowel shortening causes vowel reduction; instead, he suggested
that reduction and decreased duration covary as a result of tempo and style variation.
Unfortunately, it appears that it may be very difficult to experimentally distinguish these
two hypotheses.
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1.1.4

Summary and perspectives.

Four decades after the publication of Lindblom (1963) paper, a large body of research has
suggested that contrary to his claims, variations in speech rate and stress may not
transform the articulation of vowels in the same way, even if they have comparable
impact on vowel duration. In addition, evidence has been presented to the effect that
factors such as speech style, communicative intent and lexical status of a given word may
influence the spectral pattern of vowels independently of duration. At the same time,
Lindblom’s other major theoretical claim seems to have stood the test of time: no
convincing evidence has been presented to the effect that in order to account for vowel
reduction, one needs to invoke a context-free drive toward “centralization” in addition to
coarticulatory influence of adjoining consonants.

One way to reconcile these findings is to assume that regardless of the factors that control
the scope of spectral changes, the cause of these changes is always coarticulatory
undershoot. Assessing the accuracy of this view is one of the major theoretical issues
addressed in this dissertation. However, we consider it very likely that changes in vowel
duration are in fact the most important influence on the degree of vowel reduction. Our
primary focus will therefore be on determining the extent to which vowel variability in
Polish can be captured by Lindblom’s elegant and simple model of duration-driven
undershoot.
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1.2

Polish

1.2.1 The sound system of Polish: a brief introduction.

In this work, the generally accepted phonemic description of the Polish sound system
(Stone 1990) is used in a slightly modified and simplified way. The consonantal system
is illustrated in Table 1.1 below, and the vocalic system in Figure 1.1.

Stop

Labial

Palatalized
labial

Dental

p

pJ

t
d
ts dz
s z
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Affricate
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t˛
˛
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Table 1.1

i

fJ vJ
mJ

Alveolar

j

The consonantal system of Polish assumed in this work (after Stone 1990).

ˆ

E E)

u
ç ç)

a
Figure 1.1

The vocalic system of Polish assumed in this work (after Stone 1990).

The major difference between the system presented here and Stone (1990) is that the
vowel [ˆ] is treated as a separate phoneme, and not as a contextual variant of /i/ that
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appears after non-palatalized consonants. From the perspective assumed in this work the
key factor is that the difference between [i] and [ˆ] is categorical. As such, it should be
compared to the difference between, for example, [u] and [ç] rather than, for example,
that between [u] produced in stressed and unstressed syllables. If [i] and [ˆ] are indeed
allophones, that relationship between them holds at a level of analysis so abstract so as to
be irrelevant for the current work.

Moreover, many if not most other analyses of the Polish phonological system treat [ˆ] as
a separate phoneme (e.g. Rubach 1984, Sawicka 1995). Interestingly, they disagree as to
its featural description: while Rubach (1984) treats it as a back vowel, Sawicka (1995)
considers it to be front centralized. Examination of the data collected in this work, as
reported later, suggested that “central” may in fact be the most appropriate classification
and it is used here.

The other discrepancies between Stone (1990) and the system used here are
comparatively minor. Thus bilabials and labiodentals are collapsed as one labial place of
articulation. The consonant /C/ is assumed to be phonemic, pace Stone, but in agreement
with Sawicka (1995). In addition, Stone (1990) treats /l/ as dental rather than alveolar,
which is clearly a mistake that is corrected here. Finally, obstruents classified as alveolar
are strictly speaking post-alveolar or even retroflex, but this distinction was not added so
as not to inflate the number of levels of the consonant place variables.
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Further discussion of the phonological system of Polish will be presented in the following
chapter, when the specific theoretical and classificational decisions made in the data
analysis process are introduced.

1.2.2

Vowel reduction in Polish.

The language has no neutralizing phonological vowel reduction. It is also often asserted
to have little or no phonetic vowel reduction. Thus Jassem (1962) observed no vowel
reduction in unstressed syllables vis-à-vis stressed syllables. However, he compared
stressed vowels to unstressed word-final vowels which, by his own account, tend not to
differ greatly in duration. Sawicka (1995) claimed that vowel reduction of non-high
vowels is rare and may occur only in phrase-final positions, as a result of the articulators
slowing down and losing precision. (She also described vowel devoicing as fairly
common in that position). She noted that high unstressed vowels are frequently deleted
altogether, especially in posttonic position in words with antepenultimate stress (e.g.
prezydent [:prEzIdEnt] ~ [:prEzdEnt] “president”). More recently, Ramus et al. (2003)
have argued that Polish is atypical as a stress-timed language precisely because it has no
vowel reduction.

However, this opinion is largely due to the fact that these authors seem to equate vowel
reduction with centralization. When vowel reduction is understood as a result of
consonant-induced undershoot in Lindblom’s (1963) sense, it is clear that it is rather
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common in Polish. Thus according to Sawicka (1995), all the vowels of Polish have
fronted and raised allophones in the context of palatal and palatalized consonants, and in
particular between two of them. In rapid speech, this may lead to the neutralization of the
normally open-mid front unrounded vowel with the vowel /i/ (e.g. pieniądze [pJE¯çndzE]
~ [pJi¯çndzE] “money”). These facts can be accounted for very easily within the
undershoot model. What is more, not all researchers agree that centralization is absent
from Polish. Thus Rubach (1974), who analyzed recordings of radio speech aurally,
claimed that vowel reduction to schwa is possible in rapid speech and can go as far as to
loss of the vowel and creation of syllabic sonorants.

1.3

Outline of the dissertation.

In Chapter 2, the methods of data collection and analysis will be presented in detail.
Chapter 3 will present general summary statistics about the data collected. Chapter 4 will
present data concerning vowel duration. Chapters 5 and 6 will present analyses of the
variability of the first and second formant, respectively. Chapter 7 will present a general
discussion.
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2

Methods

Research reported in this dissertation was based on natural and quasi-natural speech. The
only variables that were experimentally controlled for at the time of data collection were
speech style and (to a certain extent) speech rate. Other variables used to analyze the data
were merely observed from the recordings. This put an emphasis on careful description of
the obtained data, at all the levels that are potentially relevant (phonetic, phonological,
morphological and syntactic). At the same time, an overarching concern was to make the
description as objective and automatic as possible, that is to say, to limit to the absolute
minimum the role of the investigator’s subjective judgments.

A major consequence of this approach was that speech segments were by and large
recorded according to their phonological rather than phonetic identity. That is to say,
assimilations, deletions and insertions seen in the phonetic data were ignored, unless they
resulted from regular phonological processes of Polish (according to Sawicka 1995).
Crucially, this removed the need to rely on the often difficult decisions about the phonetic
voicing, manner and place of consonantal segments. These features, in particular voicing
and manner, are arguably continuous rather than categorical on the phonetic level, and
any quantization that would have to be done to enable statistical analysis would have to
be essentially arbitrary. Moreover, segments that are deleted, i.e. cannot be identified
with a particular stretch of the sound signal, frequently leave traces of presence, whether
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auditory, spectrographic or both. Thus, for example, a rhotic may be deleted, but the
lowering of F3 may nonetheless be observed in the adjacent vowels.

Other variables were either assigned on the basis of preexisting sources (part of speech,
frequency etc.) or were measured from the speech signal using algorithmic or nearly
algorithmic procedures (duration, speech rate, intensity). The reminder of this chapter
describes the process of data recording and annotation in detail. It also briefly discusses
the principles of the statistical approach used in this work.

2.1

Speakers

The main part of this study is based on recordings obtained from four subjects. There
were two women (W1, 44 years old and W2, 32 years old) and two men (M1, 27 years
old and M2, 25 years old). Each speaker was originally from a different part of Poland,
but all can be described as speakers of Standard Polish, with few dialectal features. All
were college-educated and none was a professional speaker. Speaker M1 was fluent in
English, while the others’ competence in foreign languages was intermediate at best.
Speaker M1 was also the only one who lived outside of Poland for any length of time
(less than 3 years total) and had extensive linguistic training. None of the speakers
reported any hearing or speech problems.
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2.2

Recording materials and procedures

The text used in the recording was the final part of Krzysztof Zanussi’s screenplay for the
movie “Barwy ochronne” (“Camouflage”), which describes in detail a fight between two
men (Zanussi 1978). The text was 514 words long, and the speakers were asked to read it
twice: once at a normal pace and once as quickly as possible. Subsequently, they were
asked to provide a short narrative on the topic of their choice. (Each speaker decided to
tell a short story about recent events in their life.) The first part of the text, comprising
269 words, was used in the analysis, as well as a comparable initial part of each speaker’s
narrative. 1 In the remainder of this dissertation, the three types of recordings obtained
will be referred to as normal, fast and narrative levels of the variable style.

The recordings were done in the subjects’ homes, in conditions that were as quiet as was
possible without using a sound-proofed room. A laptop computer was used, with the
MobilePre USB audio interface with a sampling frequency of 44 kHz and the Shure
SM10A unidirectional headworn microphone. The subjects expressed no concerns about
the microphone and seemed to be comfortable wearing it.

1

The fragments chosen were approximately the same length as the shortest narrative obtained.
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2.3

Segmentation

Assigning boundaries to speech segments is a very complicated matter. Different
approaches to the theory of speech production can conceivably lead to different decisions
about where the boundaries between segments fall, and in many cases such boundaries
have to be arbitrary anyway (e.g. between vowels and approximants). Rather than attempt
to find the right way to segment speech, in this dissertation efforts were concentrated on
finding a method that would be rapid and largely algorithmic, but could be overruled in
the case of obvious errors. It was decided that the best solution would be to base the
procedure on amplitude shifts in the speech signal, because it provides a criterion that can
be applied to virtually any vowel-consonant boundary, which is not the case for
spectrum-based criteria.

The problem with using amplitude for segmentation is that if it is calculated over a
window that is too short, the measurement may become sensitive to individual glottal
pulses. However, if the analysis window is too long, the amplitude-based procedure may
fail to capture rapid changes that correspond to segment boundaries. A workable solution
to this conundrum was found by using a relatively long analysis window (Gaussian with
an effective duration of 10 ms.) with a very short timestep (1 ms.).

The aim was to locate points at which the shift in amplitude was large relative to the
preceding and the following parts of the speech signal. For each window, the absolute
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rate of change (absolute slope) of amplitude was estimated at the center of the window,
by calculating the absolute difference between windows centered 5ms. before and 5ms.
after the window in question. In the next stage, major and minor maxima in the slope of
the amplitude contour were found. A major maximum was defined as a point where the
slope of the amplitude contour was greater than in the preceding 20ms. and the following
20ms. In other words, such points could be found at most every 20ms.; in practice, they
were found on average every 80ms.-100ms., which is not radically different from the
average duration of segments in the data set. A minor minimum was defined as a point at
which the slope of the amplitude contour was greater than in the preceding 5ms. or the
following 5ms. In other words, such points could be found at most every 5ms.; in practice
they were found on average every 14ms.-18ms. The investigator’s task was limited to
deciding whether a given major slope maximum corresponded to a real segment
boundary, remove it if it did not and chose one of the minor slope minima as a boundary
where necessary.

The procedure was remarkably consistent when boundaries between voiceless obstruents
and vowels are concerned; in a great majority of cases, a major boundary was found
within the first/last voicing period of the vowel. It is more difficult to evaluate the
performance of the procedure in other situations, but its flexibility meant that in every
case it was possible to obtain segmentation that appeared to be at least satisfactory.

35
The only real exception to this generalization concerned vowels adjoining glides or other
vowels. In many cases, segmentation was possible, because clear and separate steady
states (and transitions between them) could be seen in the formant tracks. Other cases,
however, had to be treated as instances of coalescence. The vowels were identified, but
they were not assigned to any particular phonemic category, and consequently they had to
be excluded from the analysis. This included a substantial number of cases

of

coalescence of two identical vowels.

Examples of the operation of the segmentation algorithm are shown in Appendix A.

2.4

Measurements procedures

It was decided that measuring formant frequencies at vowel midpoints was sub-optimal,
given that formant transitions into consonants were often asymmetrical duration-wise. (In
particular, the transitions of alveopalatal consonants could be very long). Instead, a single
steady state point was determined for each vowel using a Linear Predictive Coding
algorithm (the Burg procedure, with 10 poles, a 25ms. window and resampling to 5500
Hz for women and 5000 Hz for men and a timestep of 1 ms., as implemented by Praat
4.3). For each window and each of the lowest three formants, the rate of change was
calculated by finding the absolute difference between the preceding window and the
following window. This value was then divided by the value of the formant at that point,
which yielded a percentage rate of change. These percentage values for the three
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formants were then summed up, and the steady state was assumed to correspond to the
point where this summed up value was at its lowest. In addition, for each vowel a second
point was estimated, corresponding to a similar minimum, but located within the middle
60% of the vowel.

Each vowel was then visually inspected, with the LPC formant trackings superimposed,
to make sure that formant values would be collected in appropriate locations. In some
cases, the procedure described above selected a point that was clearly located in the
transitional part of the vowel. In about 2.8% of the cases, this could be dealt with by
selecting the secondary steady-state, located within the middle part of the vowel. In a
further 5.2% of cases, the steady-state location was adjusted by hand. Finally, in a small
number of cases, involving primarily the high back vowel [u], conducting an LPC based
measurement of formant values was deemed impossible and these tokens were excluded.

Examples of the steady-state location procedure are shown in Appendix B.

Formant frequency values and bandwidths were measured at these points using the same
LPC parameters that were used to select steady-states. In addition, duration, average F0
and average intensity were recorded for each vowel. While duration could be considered
directly in the models developed in the latter part of the study, this was not the case with
f0 and intensity. As is well known, there is substantial variation in both intensity and f0
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related to vowel height. To compensate for this, two new measures were devised:
comparative intensity and comparative f0.

To calculate comparative intensity, all soundfiles were scaled to have the same average
intensity. Then, average intensity values were calculated for each vowel of each subject.
Next, the vowel’s intensity value was divided by the average intensity value for the given
subject/vowel combination, yielding a measure of intensity relative to the given vowel
and subject. Next, this measurement was divided by the average of the same
measurements obtained for the preceding and the following vowel. Thus a score greater
than 1 indicated that the given vowel had higher intensity than the neighboring vowels,
without considering differences due to vowel height. Conversely, a score lower than 1
indicated that the vowel’s intensity was lower relative to the neighboring vowels.

Comparative f0 was calculated in a similar manner. However, it was not used in the main
analyses reported in the subsequent chapters, because the pitch-finding algorithm of Praat
4.3 failed in a considerable number of cases. These included in particular many more
heavily reduced vowels, i.e. those of great interest for the study.

The beginnings and the ends of pauses were determined with as much accuracy as was
possible. When a perceivable pause was followed by a voiceless stop, the boundary was
chosen so that the stretch assigned to the consonantal closure had a comparable duration
to that of similar segments in that part of the waveform. Vowels appearing in
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phonological words that followed a pause were marked as postpausal, while those
appearing in phonological words preceding a pause were marked as prepausal. These
two variables defined four different categories, since single phonological words
appearing between pauses were both prepausal and postpausal, while many other
phonological words were neither.

For the spontaneous narratives, inter-pause intervals were used to determine rate of
speech in syllables per second. For the read texts, where the speakers produced few
pauses, clauses were used to determine speech rate.

2.5

Describing the data: phonology

2.5.1 Phonemic identity of the vowels.

Each non-nasal vowel that could be clearly isolated from its neighboring segments was
classified as one of the six oral vocalic phonemes of Polish (/i ˆ E a ç u/). In each case, it
was assumed that the speaker had used the standard pronounciation of a given word. In
other words, the actual phonetic pronounciation of the vowel in question was not
considered in the determination of its phonemic status. According to the author’s native
intuitions about Polish, there were indeed no cases of categorical substitution of one
phoneme for another among the oral vowels.
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The so-called “nasal vowels” were not analyzed, but they nonetheless presented a
problem. Polish has two orthographic symbols, “ę” and “ą”, which correspond to the
modern reflexes of Common Slavic nasal vowels /E)/ and /ç)/. 2 . Phonetically, they are not
realized as nasal monophthongs, but typically sequences of a nasalized vowel followed
by a nasal (before stops) or a nasalized glide (in other contexts). Their phonemic status is
controversial – thus Stone (1990) treats them as separate phonemes, but Sawicka (1995)
does not. According to her, the orthographic symbols in question correspond
phonemically to combinations of non-nasal vowels and consonantal nasal elements.
These phonemic nasal elements, however, cannot be identified with any of the nasal
phonemes shown in Table 1.1, because in the word-final position, a fourfold contrast is
possible (e.g. tą [tç)w)] “this” (instr.sg. fem.), ton [tçn] “tone”, tom [tçm] “volume”, toń
[tç¯] “depth”). Sawicka suggests that this element should be identified as /N/. While not
entirely unmotivated, this analysis is rather abstract, and it was not adopted here. Instead,
word-final instances of [ç)w)] and [E)w)] were not included in the main analysis with the
phonemes [ç] and [E], but were classified separately, as realizations of phonemic /E)/
and/ç)/.

As Sawicka notes, in non-word-final positions such four-fold contrast is not possible,
unless an exaggerated spelling pronounciation is involved. In those contexts, there is no
2

The correspondence is actually not straightforward, since several sound changes have occurred between
Common Slavic and modern Polish.
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difference between the pronounciation of the orthographic nasal vowels and orthographic
vowel-nasal combinations. Thus, kąta “angle” (gen.sg.) and konta “(bank) accounts”
(nom. pl.) are both pronounced as [kçnta], while the words kęs [kE)w)s] “bite” and sens
[sE)w)s] “sense” rhyme. All those cases could either be treated as corresponding to
underlying vowel-nasal sequences, in which case the vowels should be treated as all other
instances of /E/ and/ç/, or as examples of the phonemes /E)/ and /ç)/, in which case they
would not be analyzed together with oral vowels. The latter solution was chosen, partially
because in the context of heavy nasalization that could be expected to be found there, the
LPC measurements were likely to be rather unreliable.

The word-final orthographic “ę” is usually completely denasalized in the word-final
position; in such cases, it was treated as an instance of the phoneme /E/. Speaker M1
rather consistently realized nasal vowels (both orthographic “ę”/”ą” and vowel-nasal
sequences) as the oral sequences [Ew] and [çw]. Since it could not be determined beyond
reasonable doubt that the [w] segment in these combinations is identical to the [w]
representing the underlying glide /w/, these cases were excluded from the analysis. 3

3

It is unclear what the source of this feature in this speaker’s speech is. Sawicka (1995) describes such
pronounciation as characteristic of children and “uneducated” speakers; neither of these descriptions
applies to this speaker. The speaker himself, who has linguistic training, believes that this pronounciation is
a regional feature, but works on Polish dialectology do not confirm this (e.g. Dejna 1993).

41
2.5.2

Consonantal context

For each vowel, voicing, place and manner of the “phonologically preceding” and
“phonologically following” consonant were recorded. As was implied before, this notion
refers to the consonant that would be expected to precede or follow the vowel in question
if there were no unexpected deletions or insertions and after all obligatory phonological
rules have applied in the expected way.

The obligatory phonological rules of Polish include the following (Sawicka 1995):
prepausal devoicing of obstruents, regressive voicing assimilation of obstruents and
palatalization of underlyingly nonpalatal consonants before /i/ and /j/ (within a word).
This means that the set of possible phonologically preceding and phonologically
following consonants is somewhat richer than the set of underlying consonants shown in
Table 1.1. It includes the segment [ƒ], which may arise from /x/ assimilating to a
following voiceless obstruent, and palatalized dentals and alveolars (i.e. [tJ] etc.).

The place of the preceding and the following segments was described as labial, dental,
alveolar, alveopalatal, palatalized, palatal or velar. The category “palatalized” brought
together palatalized labials and the rare cases of palatalized segments with a different
major place of articulation (chiefly dentals). The manner of the preceding and the
following segments was described as stop, affricate, fricative, approximant, trill, lateral
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or nasal. The voicing of the preceding and the following consonants was described as
voiced or voiceless.

Vowels that were phonologically not preceded by any consonants were excluded from the
analysis. Otherwise, one would have to add a level called none to each of the
abovementioned variables. This, however, would be a very heterogeneous collection of
vowels adjacent to pauses and of vowels adjacent to other vowels and as such had little
potential for explaining vocalic variance.

Finally, for each vowel the number of consonants following before another vowel
within the same word was recorded. (More precisely, the number of consonants that
would have followed without any deletions).

2.5.3

Position in the word

Boundaries between words and between phonological words were marked in the data.
There is a difference between the former and the latter in Polish, because the language
has a substantial number of clitics, i.e. unstressable words. Steffen-Batogowa (2000)
summarized the controversies as to which Polish words should be considered clitics and
on the basis of perceptual experiments suggested a fourfold division into non-clitics,
semi-non-clitics, semi-clitics and clitics. In her scheme, the middle two groups comprised
words with variable behavior and had a rather limited membership. In the current study,
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they were disposed of, and the division was simplified into a binary one, which had the
desirable effect of reducing the number of variables that were needed to be considered in
the statistical analysis.

A vowel was not marked as appearing in a clitic if it appeared in one of the words
classified by Steffen Batogowa as a non-clitic or a semi-non-clitic. These included all
polysyllabic words, all nouns, adjectives, numerals, verbs, exclamations, indeterminate
pronouns and nominative personal pronouns. All other monosyllables, classified as clitics
and semi-clitics by Steffen-Batogowa, were classified as clitics in this study.

All non-clitic vowels in the dataset were described according to their “phonological”
position in the word, i.e. ignoring any vowel deletions and insertions that may have
occurred (as well as the presence of any clitics). The end of the word was used as the
reference point. Due to their limited numbers, vowels appearing in the fifth syllable from
the right edge of the word and beyond (i.e. beyond preantepenultimate) were grouped
together as “other”.

A somewhat different procedure was needed for some combinations of monosyllables. As
noted by Steffen-Batogowa (2000), the combinations of monosyllabic prepositions and
monosyllabic personal pronouns, both of which are under normal circumstances clitics,
act as complete words, i.e. receive stress on the first (i.e. penultimate) syllable. Similarly,
when the clitic negative particle nie combines with a monosyllabic verb, it bears stress, as
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though the whole combination was one word. Accordingly, in those circumstances
vowels were numbered as if these combinations were single words.

Finally, for each vowel the size of the phonological word in which it appeared was
recorded, in syllables. (Vowel deletions were not considered in this count, i.e. the
measure reflects the “phonological” or underlying size of the phonological word).

2.6

Describing the data: morphology

Each vowel was classified according to the part of speech of the word in which it
appeared (where non-obvious, these decisions were made on the basis of the CambridgeKlett Concise Polish Dictionary and Grzegorczykowa et al. 1984). On this basis, the
variable word content/function was created. Vowels appearing in nouns, adjectives,
adverbs, verbs and numerals were marked as appearing in content words, while vowels
appearing in auxiliary verbs, prepositions, pronouns, particles and conjunctions were
marked as appearing in function words.

Using a similar binary distinction, Van Bergem (1993) showed that there was a
significant difference in the degree of vowel reduction between content and function
words in Dutch. However, the morphological structure of Polish is rather different from
that of Dutch in one crucial respect: it is a much more inflectional language. As a
consequence, grammatical information is often conveyed by endings that appear inside
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items that are otherwise “content” words. It is therefore possible that an effect similar to
that observed by Van Bergem for Dutch may pass unnoticed in Polish, unless a finer
classification of the syllable content/function status is used. Vowels appearing in
inflectional endings and in stem syllables of function words (as defined in the preceding
paragraph) were classified as function syllables, all the other (i.e. stem syllables of
content words) were classified as content syllables. (The decision whether a given
syllable is part of an inflectional ending or not, which is not always obvious in Polish,
was based on Grzegorczykowa et al. 1984).

2.7

Describing the data: syntax

The text the speakers read and their transcribed spontaneous narratives were divided into
clauses, i.e. syntactic units headed by a finite verb. In addition, units headed by adverbial
participles were treated as separate clauses (cf. the discussion in Grzegorczykowa 1996).
The spontaneous narratives included numerous clause fragments and phrases appearing in
appositions and as elements of lists; these were treated on a par with full clauses.

To examine the potential impact of syntactic structure on vowel reduction, it was
recorded for each vowel whether it appeared in a phonological word that was clauseinitial and/or clause-final. Combined together, these two variables described four
categories, since a phonological word could also be both clause-initial and clause final in
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the (rare) cases of one-word clauses, and neither clause-initial nor clause-final in the
much more common case of clause-medial phonological words.

2.8

Describing the data: word frequency

Data about word frequency were obtained from the largest available corpus of Polish,
provided by Polskie Wydawnictwo Naukowe PWN (http://korpus.pwn.pl). The corpus is
based on 40 millions words found in a combination of books, newspaper articles, internet
postings and recorded conversations. Token frequency rather than type frequency was
used, since the highly inflectional character of Polish combined with frequent stem
alternations means that a given vowel may only appear in one paradigmatic form of the
lexeme.

One potential irresolvable problem stemming from the use of the PWN corpus was that it
does not distinguish homophones. Thus for example the frequency count for the form
mamy combines frequency information for the verb mamy “we have” and the noun mamy
“moms”. This is unfortunate given that Gahl (2006) has shown that in the English
Switchboard corpus low-frequency words are longer than their high-frequency
homophones. However, homophony as such is likely to be much less common than in
English.
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2.9

Summary of the variables recorded.

Table 2.9.1 presents a summary of the variables recorded, describing the scale or levels
used and referencing the section of this chapter in which they are defined. Where
appropriate, the abbreviations which are used frequently in graphs in the following
chapters are also shown.

Variable
subject
vowel
style
duration (dur)
comparative intensity (int)
preceding segment place (psp)
following segment place (fsp)
preceding segment manner (psm)
following segment manner (fsm)
preceding segment voicing (psv)
following segment voicing (fsv)
number of consonants following in the
word (fcon)
word position (pos)
size of the phonological word (pw size)
word content/function status (wcf)
syllable content/function status (scf)
prepausal phonological word (prep)
postpausal phonological word (postp)
clause-initial phon. word (clausei)
clause-final phon. word (clausef)
speech rate (srate)
word frequency (freq)

Scale or levels
M1, M2, W1, W2
iˆEaçu
normal, fast, narrative
continuous (in ms.)
continuous (unitless scale)
labial, dental, alveolar, alveopalatal,
palatalized, palatal, velar
labial, dental, alveolar, alveopalatal,
palatalized, palatal, velar
stop, affricate, fricative, approximant,
trill, lateral, nasal
stop, affricate, fricative, approximant,
trill, lateral, nasal
voiced, voiceless
voiced, voiceless
ordinal (consonants)

Sect.
2.1
2.5.1
2.2
2.4
2.4
2.5.2, 1.2.1

(nonclitic) monosyllable, enclitic,
final, penultimate, antepenultimate,
preantepenultimate, other, proclitic
ordinal (syllables)
content, function
content, function
yes, no
yes, no
yes, no
yes, no
continuous (syllables/sec.)
continuous

2.5.3

Table 2.9.1. Summary of the variables used in classifying data.

2.5.2,
1.2.1
2.5.2, 1.2.1
2.5.2, 1.2.1
2.5.2, 1.2.1
2.5.2, 1.2.1
2.5.2

2.5.3
2.6
2.6
2.4
2.4
2.7
2.7
2.8
2.8
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2.10

The statistical approach: an introduction.

The statistical analysis of the data in this work is based on multiple linear regression
(MLR). Unless otherwise specified, the discussion of issues related to this technique is
based on Cohen et al. (2003). This section introduces the principles of MLR and the
specific way in which it is applied here.

2.10.1 Multiple linear regression vs. analysis of variance.

Cohen et al. (2003:4) note that in the behavioral sciences there lingers the belief that
multiple linear regression techniques are “less scientifically respectable” than ANOVAbased techniques. This is, however, a misconception: both MLR and ANOVA are
“special cases of the general linear model in mathematical statistics”; when all the
independent variables are categorical and explicit cross-product variables are used in the
MLR equation, MLR and ANOVA are mathematically equivalent. In fact, ANOVA was
originally developed as a computationally simpler alternative to multiple regression,
hence “any data analyzable by [ANOVA] may be analyzed by [MLR], whereas the
reverse is not the case”.

The data considered in this dissertation are a clear illustration of the situation in which
“the reverse is not the case”. ANOVA designs work best with approximately equal
sample sizes in treatment groups (Gravetter and Wallnau 2000). There is no such
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limitation with MLR. 4 Since this study is based on samples of natural speech, no effort
was made to keep sample sizes equal; in fact, given the number of variables that are
considered, it is doubtful whether this would be even remotely possible.

MLR has a number of other advantages over ANOVA. First, continuous independent
variables can be considered directly. Using a continuous variable like duration in an
ANOVA analysis would require us to create a number of discrete levels (e.g. “short”,
“medium” and “long”). This inevitably results in information loss, and in addition is very
likely to be arbitrary. Second, unlike ANOVA, multiple linear regression provides a
measure of effect size which is readily interpretable in real terms (the b-coefficient). 5
Finally, in MLR there exist well developed techniques that enable the set of independent
variables to be automatically trimmed down to include only the ones that are highly
useful and as such can be expected to have predictive and explanatory power.

The only potentially problematic area in MLR is dealing with interactions. Unlike
ANOVA, multiple linear regression does not automatically consider interaction effects.
Interaction terms have to be added by the researcher or explored in different ways. It
should be pointed out, however, that given the number of variables considered in this
study, it would be absolutely impractical to consider all the possible interactions. The
4

In fact, as noted by Cohen et al. (2003:4) “standard computer programs now use a regression approach” in
dealing with ANOVA designs with unequal sample sizes.
5
Eta squared and related measures express the proportion of variance accounted for in ANOVA (Cohen et
al. 2003). They can therefore be interpreted as measures of relative effect size, but they do not provide an
estimate of the effect size in real terms. For example, in our discussions of the b-coefficients for duration in
chapters 5-7, we will interpret them as measures of the rate of change of formant frequencies. If an
ANOVA design were used, we would not obtain a comparable measure.
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precise way of dealing with them in this study will be explained in the subsequent
chapters, when the actual data models are considered.

2.10.2 Principles of MLR: a brief summary.

A multiple linear regression analysis finds a formula of the type y = b1x1+…+bnxn+c+e.
In this formula, y represents the dependent variable, x1…xn represent independent
variables (also known as predictors), b1…bn represent regression coefficients associated
with the independent variables, c represents the intercept (i.e. the value of y when all
regression coefficients equal 0) and e represents the error term. In other words, e
represents the difference between the observed value of y and the value predicted on the
basis of the given combination of regression coefficients and independent variables.
Multiple linear regression finds the optimal regression coefficients, i.e. the values with
which the error term is minimized across all instances of y.

If the dependent variable and all the predictors use the same scale, the regression
coefficients can be directly compared to illustrate the effect size, i.e. the relative
importance of different predictors. However, this is unlikely to be the case. For instance,
among the predictors used in this study are vowel duration, measured in milliseconds,
and word frequency, measured in the number of occurrences of the word in the corpus.
The b coefficients assigned to these two predictors cannot thus be directly compared. One
common way of circumventing the problem is to standardize all the variables. In this
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case, if bdur is 2, and bfreq is 1, the interpretation is that duration has a greater effect on the
dependent variable than word frequency, because an increase of 1 standard deviation in
duration measurement results in a change of 2 standard deviations in the dependent
variable, while the change of 1 standard deviation in word frequency results only in a
change of 1 standard deviation in the dependent variable. However, there is no obvious
way of implementing this approach when some of the predictors are categorical, which is
the case in this study. We will return to this problem shortly.

When b coefficients are calculated, they are accompanied by a t-statistic which evaluates
their statistical significance. The null hypothesis is that the b is actually zero, i.e. that the
predictor has no impact on the dependent variable. It should be stressed that significance
of b and size of b are largely independent of each other. A b coefficient may be large,
suggesting that the given predictor has a strong effect on the dependent variable, but it
may actually not be statistically significant, because significance is a function of sample
size (among other factors), but the size of b is not. Naturally enough, one does not want
to attach importance to b coefficients that fail the significance test. However, an
independent variable which fails the significance test may still be found to be a useful
predictor of values of the dependent variable when proper validation methods are
implemented, i.e. when the regression equation is used to predict values in a subset of
data that was not used to construct the regression equation. In this situation, rejecting the
non-significant independent variable is less obvious, because there is a strong possibility
that it would have been found significant with a larger sample.
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Residual standard error (RSE) is another useful value returned by MLR, because it
provides direct information about how well the regression equation models the data in
the units of the dependent variable. Thus, if we were to use MLR to predict formant
values in Hertz, a RSE of 40 Hertz tells us that the values of y calculated by the MLR
equation are likely to differ from the observed values by approximately +/-40 Hz. This
enables us to evaluate the practical importance of the findings, i.e. the practical
effectiveness of the model constructed. Moreover, RSE provides an unbiased estimate of
the standard deviation of prediction errors in the population. In other words, if the
regression equation were to be applied to the entire population from which the sample
used to construct the equation was drawn, the standard deviation of errors (i.e. differences
between predicted and obtained values) should be approximately equal to the RSE. This
characteristic is useful in validating the model and will be discussed further in the
following section.

Pearson’s R, or the correlation coefficient, is a number between -1 and 1. An R of 0
means that there is no relationship between the dependent variable and the predictors, an
R of -1 or 1 that there is a perfect correlation between them. The greater the deviation
from 0, the stronger the relationship. The sign is not relevant for assessing the strength of
the relationship, but only for its direction (direct vs. inverse correlation). The square of R,
R2, can be interpreted as the proportion of variance in the dependent variable explained
by a given combination of predictors.
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Correlation strength can be assessed graphically in a direct way in linear regression with
a single predictor by plotting the values of the dependent variable against the values of
the predictor. Basically, the closer the points on the scatterplot are to the regression line,
the stronger the relationship is.

For example, figure 2.10.2.1 below illustrates the

correlation between vowel duration and the first formant of the vowel a using the data
from the current study. The R2 value is 0.1879, indicating that 18.79% of variance in F1
values can be accounted for by variation in duration alone. The size of the correlation
coefficient, R, is of course the square root or R2, i.e. 0.433. (We can see from the
direction of the line on the chart that the relationship is direct rather than inverse, i.e. R =
0.433 rather than -0.433.)
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Figure 2.10.2.1 Correlation between vowel duration and the F1 values for the low vowel /a/.
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When there are multiple predictors rather then one, a direct representation like that is not
possible. However, MLR has the very interesting and useful property that the correlation
coefficient between a dependent variable and the independent variables is equal to the
correlation between observed values of the dependent variable and values predicted from
the regression equation. The logic behind this equivalence is quite simple: predicted
values are predicted on the basis of the independent variables alone, hence predicted
values are perfectly correlated with the given set of predictors. It follows that the
relationship between the observed and the predicted values of the dependent variable
reflects the relationship between the dependent variable and the given set of predictors.

For example, figure 2.10.2.2 plots observed values of F1 of the low vowel /a/ vs. values
predicted from a combination of five predictors: duration, place and manner of the
following consonant and place and manner of the preceding consonant. R2 of this
relationship is equal to 0.325, indicating that R=0.57. These are also the values for the
regression model used to obtain the predicted values, i.e. the values for the multiple
correlation between F1 and the five predictors in question. Figure 2.10.2.2 thus illustrates
indirectly but accurately the strength of the multiple linear relationship between the
dependent and the predictors. As will be discussed in the following section, this property
of regression models can be very useful in validating them.
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Figure 2.10.2.2 Correlation between observed F1 values for the low vowel /a/ and F1 values predicted
from duration, preceding and following consonant place and preceding and following consonant manner.

When a predictor variable is dropped from the model, R2 decreases. The amount of the
decrease is known as usefulness of the variable. Estimating the importance of a predictor
from usefulness is less preferable than comparing standardized regression coefficients,
because usefulness reflects both the unique contribution of the variable to the regression
model, as well as that which is shared with other variables. Usefulness can be also
calculated from the square of semipartial correlation (also known as part correlation),
i.e. correlation between the dependent variable and an independent variable when other
independent variables are not allowed to vary.
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Another useful value calculated by MLR analyses includes partial correlation, which
differs from semipartial (part) correlation in that the variance attributable to other
independent variables is removed from the dependent variable. (Thus, conceptually,
partial correlation is related to the regression coefficients). Finally, one can calculate
zero-order correlations, i.e. simple correlations between individual independent
variables and the dependent variable.

2.10.3

Automated search through predictor space and validation.

When there are many potential predictors, it is not always clear which should be included
in the model. For this reason, many automated methods of searching through predictor
space have been developed. The method of choice in this work is based on the Akaike
Information Criterion AIC), which estimates the log-likelihood of the models (Johnson
2006). Variables are added and/or removed from the model until a certain criterion is
reached. The criterion assesses model fit against the number of predictors included in the
model, i.e. there is a “penalty” for each variable added. The goal is to avoid the inclusion
of variables with little explanatory power.

This is in turn motivated by the fact that regression models, in particular ones constructed
using automated predictor search, may be overfitted, i.e. trained to fit the noise in the
particular dataset rather than real relationships. (In fact, if the number of predictors were
equal to the number of data points, the model would show perfect fit, even if there were
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no true relationships in the data.) While the AIC partially alleviates the problem, more
care is needed. One approach relies on evaluating the practical importance of a variable,
in the light of the theory through which the data is analyzed. Thus we would be unlikely
to want to pay much attention to a predictor whose contribution to multiple regression of
formant values were 1Hz. But the best approach involves validation, i.e. assessing the
success of the model in predicting values of the dependent variable beyond the data set
used to construct the model.

Unfortunately, though validation is commonly advocated, there are no commonly agreed
techniques beyond a few rules of thumb. For example, Schwab (2006) suggests defining
a regression model, than splitting the sample into two subsamples and using the same
predictors to construct regression models for each. The purely arbitrary criterion is that
the R2 values of the subsample models should not differ from the R2 value of the main
model by more than +/-5%. The main problem with this approach is that for each of the
three models, separate regression coefficients are calculated, and these are by the very
nature of multiple linear regression optimized for a given data set. It is thus possible that
the three models will have actually different regression coefficients, but similar R2. Since
regression coefficients are of the greatest theoretical interest as the best estimators of
effect size, this approach is clearly unsatisfactory.

It seems that the best approach would involve constructing the model on one subset of the
data (the training set), and then using the regression equation it provides to predict the
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values of the dependent variable in a wholly separate data set (the validation set). The
success of the model could then be assessed by comparing the observed and the predicted
values in the validation set. The key question is how to find an appropriate criterion for
doing that.

As has been discussed in the preceding section, the correlation between observed and
predicted values of the dependent variable for a given data set is mathematically
equivalent to the correlation coefficient (R) obtained by MLR for the same data set. If a
model is successful, the correlation between predicted and observed values for the
validation set should also be comparable to R obtained for the training set. It should be
expected to be a little smaller, since, unlike the case with Pearson’s R in the technical
sense, it is based on regression coefficients calculated for a different subset of data.

In the remainder of this work, we will refer to the R-value obtained by correlating
predicted and observed values in the validation set as “R” (and to its square as “R2”).
This stresses the fact that these values only approximately reflect the relationship
between the predictor variables and the observed values of the dependent variable in the
validation set, because the correlation coefficients are optimized for the training set.

As will be shown when a concrete example is introduced, “R2” is not necessarily
maximized by the inclusion of all the variables that maximize R2. In other words, some
variables selected by the AIC method actually make predictions worse. To address this
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issue, in this work new models were created on the training set with variables dropped
one by one in the order that reversed the order in which they were selected by the AIC
algorithm. Subsequently, new predictions were calculated for the validation set and “R2”
was obtained. The collection of variables under which “R2” was maximized was then
used to construct a validated model of the training set, though differences between R2
and “R2” were also considered to asses how successful the validation was. In addition we
compared RSE (residual standard error) with “RSE” (the standard deviation of
differences between observed and predicted values in the validation set), since these
values should also be similar if validation is successful. All the models discussed in this
work were based on training sets comprising 75% of the data and validated on validation
sets comprising 25% of the data, with random split between the two sets.

At this point, it may be appropriate to summarize the key terms discussed above in a
tabular form, this is provided in table 2.10.3.1.
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Term
training set
validation set
AIC model
R2
“R2”
RSE
“RSE”
maximized “R2”
validated model

Definition
75% of the data, randomly selected
25% of the data, randomly selected
MLR model of the training set including all variables selected by an automated
AIC search
R2 of the AIC model
equal to R2 of the correlation between predicted and observed values in the
training set
R2 of the correlation between values observed in the validation set and values
predicted for the validation set by the regression equation of the AIC model
residual standard error of the AIC model
standard deviation of the differences between values observed in the validation set
and values predicted for the validation set by the regression equation of the AIC
model
maximum possible value of the correlation between observed and predicted values
in the validation set using all variables from the AIC model or a subset thereof
MLR model of the training set including only the variables with which “R2” is
maximized

Table 2.10.3.1 Summary of key terms introduced in this section.

The procedure defined here will be explained in more detail in the chapter 4 through an
example (analysis of duration).

2.10.4

Categorical variables.

Multiple linear regression requires that independent variables be continuous. There are,
however, two effective methods of using categorical variables in MLR. One of them
requires that categorical variables be recoded as a series of dichotomous variables. The
other, categorical regression, uses a technique known as optimal scaling to assign to the
categorical variables numerical values that maximize model fit. The latter is less widely
known and is currently only implemented in SPSS.
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Dummy coding, which is one of the several possible coding schemes under the recoding
approach, requires that one of the levels of a given categorical variable be selected as a
reference level. For example, for the categorical variable style, we might select the level
normal as the reference level. It is then effectively ignored in the fitting the regression
line; in other words, the impact of normal speech style is reflected in the intercept only.
For each of the other levels, a dichotomous variable is created; in the case at hand, these
would be fast and narrative. All vowels spoken in the fast style are assigned the value of
1 on the dummy variable fast and 0 otherwise; conversely, all vowels spoken in the
narrative style are assigned the value of 1 on the narrative dummy variable and 0
otherwise. The regression coefficients obtained for these variables can be interpreted
directly as their contribution to the dependent variable in the units of the dependent
variable, since the dummy variables are themselves unitless. Thus, in a hypothetical MLR
of F1 in Hertz, the coefficients of -20 for fast and -30 for narrative would indicate that
vowels spoken in these two styles are predicted to have F1 values 20Hz and 30Hz lower,
respectively, than the vowels spoken in the normal style. All the dummy variables are
entered into or dropped from the model as a block; however, t-values can be obtained for
each dummy variable, indicating which levels of the categorical variable differ
significantly from the reference level.

The overall regression model is not affected by which level of the categorical variable is
chosen as the reference level, but this choice affects the ease of interpretation of the
results. It makes most sense to select the level which could be expected to be the most
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“neutral”, i.e. affect the dependent variable the least. In the current case, for most
categorical variables, the level used was the one at which vowels could be expected to be
the least reduced. However, the choice was irrelevant for categorical variables with two
levels only and for some other variables no clear prediction could be made; in these cases
the choice was random. The reference levels used with categorical variables in this work
are summarized in table 2.10.4.1.

Categorical variable
subject
vowel
style
duration (dur)
comparative intensity (int)
preceding segment place (psp)
following segment place (fsp)
preceding segment manner (psm)
following segment manner (fsm)
preceding segment voicing (psv)
following segment voicing (fsv)
number of consonants following in the word (fcon)
word position (pos)
size of the phonological word (pw size)
word content/function status (wcf)
syllable content/function status (scf)
prepausal word (prep)
postpausal word (postp)
clause-initial word (clausei)
clause-final word
speech rate (srate)
word frequency (freq)

Reference level
m1
a
normal
n/a (continuous variable)
n/a (continuous variable)
dental
dental
stop
stop
voiceless
voiceless
n/a (ordinal variable)
penultimate
n/a (ordinal variable)
content words
content syllables
no
no
no
no
n/a (continuous variable)
n/a (continuous variable)

Table 2.10.4.1 Reference levels used in dummy coding the categorical variables.

However, dummy coding has one significant limitation. As was discussed before, the best
way to estimate the relative contribution of different predictors is to compare their
standardized regression coefficients. But with dummy coding, we do not obtain a single
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regression coefficient for each categorical variable, but a number of them. This makes
comparisons between different categorical variables difficult. To complicate matters
further, it is basically impossible to compare regression coefficients associated with the
different dummy variables with regression coefficients associated with continuous
variables also used in the given regression model. This is simply because the required
standardization cannot be effectively applied to dichotomies such as the dummy
variables.

Categorical regression does not have this problem. It is based on a statistical technique of
optimal scaling. It assigns to each level of a categorical variable a numerical value
selected so as to maximize model fit. In addition, it standardizes all the data. As a result,
a single regression coefficient can be calculated for each variable, continuous or
categorical, and their sizes can be directly compared to each other to asses the relative
importance of the variables.

However, categorical regression comes with problems of its own. One is that optimal
scaling and standardization make it difficult to asses the differences between levels of the
categorical variable in real terms. Another is that there are currently no implementations
of categorical regression that allow for the predictor space to be searched automatically.
Finally, given the fact that variables are scaled to maximize the fit, there is a danger of
overfitting, i.e. discovering relationships where there are none. As was discussed above,
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this could be alleviated with validation, but because variables are optimized for a
particular data set, there is no obvious way of performing cross-sample validation.

It was decided that the best approach would combine the positive features of recoding
and categorical regression. Thus, the procedure that was settled on for the models
described in this work relied on selecting an optimal MLR model using the AIC and
validation-based procedure described in the preceding section with dummy-coded
categorical variables. The variables selected this way were then used to run categorical
regression.

The procedure is only valid if regular MLR and categorical regression run on the same
data set are truly equivalent. To assure this, usefulness (square semipartial correlation) of
individual variables in the two models was compared. In addition, R2 of the regular
model and the categorical regression model were compared.

2.10.5

Statistical procedures: a summary.

The steps used in statistical analyses reported in the subsequent chapters are summarized
in

table 2.10.5.1. The analysis of duration in chapter 4 will provide an additional

introduction and exposition through an actual example.
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1
2
3
4
5
5
6
7

Select a combination of variables using the AIC procedure on the
training set with dummy coding of categorical variables
Use the model constructed in step 1 to predict values of the
dependent variable for the validation set
Drop the independent variables which do not maximize “R2” in the
validation set
Use the independent variables left after step 3 to construct the
validated model with the training set
Use the regression coefficients obtained for individual variables to
explore the effect of categorical variables in detail
Use the independent variables left after step 3 to construct the
validated categorical regression model with the training set
Compare the regular MLR model with the categorical regression
model to assure their equivalence
Use the regression coefficients obtained in step 5 to asses the relative
importance of independent variables

Table 2.10.5.1 Summary of steps used in statistical analyses.

2.10.6 Assumptions.

Multiple linear regression requires that a number of assumptions not be violated. These
include linearity, normality and homeoscedasticity. These assumptions are typically
checked through a visual inspection of QQ normal plots and plots of fitted values vs.
residuals. This procedure was followed here. Unless otherwise specified, it should be
assumed that the assumptions were not violated.

2.10.7 Correlation and causality.

Association between variables is analyzed and tested statistically to draw inferences
about causality. However, not even the strongest statistical relationship between two
variables provides any evidence of a causal relationship between them in the absence of a
well-defined theoretical framework. If x and y are strongly correlated, it may be because
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x is influencing y, y is influencing x, both are being influenced by yet another variable or
even because both are measures of the same property.

In this work, we assume that formant frequencies are likely to be influenced by the
predictor variables we have selected rather then influence them. This is because formant
frequencies provide indirect evidence about the shape of the vocal tract during the
production of speech, which can be assumed to be a result of a combination of purposeful
gestures by the speaker (reaching the target for the vowel, reaching the target for the next
consonant) and physiological constraints affecting the movement of speech organs (such
as duration of the interval in which the gesture is to be executed). This, of course,
summarizes Lindblom’s (1963) undershoot model of vowel reduction. However, it has to
be remembered that the very existence of a causal relationship in this domain has been
questioned: as was mentioned in Chapter 1, van Bergem (1993) suggested that changes in
vowel duration do not cause changes in vowel spectra, but rather that they covary with
them.

Results also need to be considered very carefully when we asses the potential impact of
higher level variables. While it is extremely unlikely if not unimaginable that, for
example, changes in vowel formants affect syntactic structure of the utterance, we cannot
easily exclude the possibility that both are influenced independently by another variable
we have not considered (e.g. the speaker’s communicative intent).
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In the following chapter, when the summary statistics about each predictor are presented,
we will discuss the reasons why it may or may not have a direct causal effect on formant
frequencies, and we will be returning to the issue of causality throughout the reminder of
this work.
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3

Summary statistics

In this chapter, we will present summary statistics of the data used in this work,
considering in turn the potential effect of the predictors used. “Potential effect” means
that at this point no statistical analysis of the data will be presented. Instead, graphical
presentation of the data on the traditional F1-F2 vowel chart will be used to make the first
assessment of the types of shifts that the vowel space undergoes in different conditions.
When actual statistical analysis is applied in the subsequent chapters, many of these shifts
will be validated as real effects of predictors on the independent variable, while others
will not, suggesting in many cases that their presence in the graphical displays is an
epiphenomenon caused by intercorrelations between different predictors.

Displaying the data graphically in the form of vowel charts works best when a small
number of categories can be compared. For this reason, in this chapter the levels of most
categorical and all ordinal predictors will be collapsed into two categories that could be
expected to differ the most. (For instance, we will consider a binary division into
“palatal” and “nonpalatal” consonants for the place variables instead of the seven place
distinctions used elsewhere). For continuous variables, i.e. duration, speech rate, word
frequency and comparative intensity, a different approach is needed to enable us to assess
their potential effect using vowel charts. Accordingly, with these variables we will
compare the outlying parts of the scale, i.e. the top and bottom 25% of tokens ranked
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according to the given predictor. (For instance, vowels appearing in the 25% most
frequent words with those appearing in the 25% least frequent words).

As will become apparent presently, not all shifts in formant frequencies necessarily make
the overall vowel space substantially smaller. Thus, in addition to graphical displays, we
will consider the sums of Euclidean distances between vowel formant means to assess the
degree to which the vowel space has been shrunk or expanded in a given condition.
Euclidean distance, applied to vowel spaces first by Liljencrants and Lindblom (1972),
refers to the straight-line that can be drawn between any two vowels in a two-dimensional
space. In other words, it is the hypotenuse of the right-angled triangle whose other sides
delimit the distance between the two vowel points in question along the F1 and F2 axes.
The greater the sum of Euclidean distances for a given condition is, the more dispersed
the vowels are.

It should be stressed at this point that, although each number reported will be based on a
substantial number of data points and as such will not be wholly unreliable, the Euclidean
distance metric used here is not verified statistically. For this reason, it can only be used
for assessment purposes. At the same time, the combination of graphical displays and
Euclidean distance measurements will enable us to better formulate the questions that the
statistical models reported in the following chapters are meant to answer.
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It is also worth pointing out at this point that the phenomenon that may be reflected by a
drop in the Euclidean distance score, i.e. diminished dispersion between the vowels, is
often thought of as the defining characteristic of vowel reduction. However, in this work
the term “vowel reduction” is used in a broader sense, to refer to all context-induced
variability of vowels. To avoid confusion, we will use the term vowel space shrinkage to
refer to the former phenomenon.

In addition, when each variable is introduced, we will briefly consider the theoretical
reasons that may exist for its having an effect on vowel articulation. Given the lack of
statistical verification, the discussion in this chapter will be entirely speculative.

All the formant measurements and Euclidean distance scores reported in this chapter will
be provided in Hertz, without scaling to take into account the effect of differences in
vocal tract size between subjects. As will be shown presently, all the subjects provided
approximately equal number of tokens and, subject to exceptions noted, there are no
reasons to expect that different independent variables have different distributions in the
data collected from different speakers. This means that intra-speaker differences are
likely to cancel each other out, which is sufficient for purely exploratory purposes.
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3.1

Vowel phonemes

Using the methods and materials outlined in the preceding chapter, a total of 4923 vowel
tokens were collected and used in this study. Given the uncontrolled nature of the
material, there are large differences between the number of tokens of individual vowel
phonemes. 1 The numbers in question are summarized in table 3.1.1. The table also shows
the letters that the Polish alphabet uses for the vowels. These will be used from this point
on for typographical convenience. Note that except for the use of the letter y for the
central vowel /ˆ/, the divergences from the International Phonetic Alphabet are minor.

Phoneme (IPA)
i
E
a
ç
u
ˆ

Polish alphabet
i
e
a
o
u
y

Number of tokens
316
1252
1350
1156
345
504

Number of tokens (%)
6.4%
25.4%
27.4%
23.5%
7%
10.2%

Table 3.1.1 Breakdown of the data by vowel phoneme.

1

These differences are likely to be motivated largely by differences in the underlying distribution of oral
vowel phonemes in Polish, exacerbated by the fact that the LPC tracking algorithm had more problems
with some vowels than others and some tokens of the former could not be analyzed (in particular u, as well
as i in some heavily reduced contexts). No effort was made to equalize the number of tokens that fall in the
different categories. To do so for all the levels of all the 22 independent variables considered would simply
be impossible. To do so for the vowels only would be at least theoretically feasible. It would require,
however, that many more words be considered, and the more frequent vowels occurring in them be
rejected, which would disproportionately increase the amount of time needed to process the data. The
annotation method used (multiple text tiers in Praat 4.3) was very efficient largely because it relied on
providing a single phonemic tier (thus intervocalic consonants needed to be transcribed only once) and
single annotations for higher-level domains spanning several vowels (words, prosodic words, clauses). It
should be stressed at this point that equal sample sizes are not a necessary condition of multiple linear
regression which will be used to analyze the data statistically in the following chapters.
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Figure 3.1.1 presents shows all the data points used in this study in one two-dimensional
vowel chart. As can be expected, the variation that can be seen is considerable: within the
vowel space delimited by the most extreme data points, there are actually few areas that
are not totally covered by the vowel tokens. As can also be expected, there is a
considerable degree of overlap between areas belonging to individual vowel phonemes.
Figure 3.1.2 presents the grand mean of individual vowel phonemes (across all four
subjects).
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Figure 3.1.1 All the data points used in this study.
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Figure 3.1.2 Grand means of vowel phonemes.

The mean sum of Euclidean distances for the entire data set is 15872.

3.2

Subjects

A large part of the variability seen in figure 3.1.1 is of course a result of differences
between the sizes and perhaps shapes of the individual speakers’ vocal tracts. These
differences can be assessed from figure 3.2.1, where the vowel space of each speaker as
well as the grand mean are shown separately. Unsurprisingly, the two male speakers have
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lower formant frequencies and smaller vowel spaces, which is a natural consequence of
the fact that male vocal tracts tend to be bigger. 2
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Figure 3.2.1

The vowel spaces of individual speakers.

Table 3.2.1 presents the number of tokens that each subject contributed to the data set.

Subject
m1
m2
w1
w2

Number of tokens
1225
1175
1317
1206

Number of tokens (%)
24.9%
23.9%
26.8%
24.5%

Table 3.2.1 Breakdown of the data by subject.

2

Interestingly, for this set of speakers, the correlation may not hold within the sexes: speaker m2 is taller
than speaker m1, and speaker w1 is taller than speaker w2, which is surprising in the light of the data in
figure 3.2.1. (This assumes, of course, that height and vocal tract length are highly correlated).
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3.3

Vowel duration

To illustrate the potential effect of vowel duration, this variable was standardized for each
vowel, as otherwise it was likely to be obscured by intrinsic durational differences
between vowels. To achieve this, within each vowel phoneme category, each duration
score was converted to a z-score. Figure 3.3.1 compares the vowel spaces of the shortest
25% of vowel tokens (1231 tokens) with the longest 25% of vowel tokens, while table
3.3.1 presents the sums of Euclidean distances in these two subgroups, as well as
percentage drop in the sum of Euclidean distances between long vowels and short
vowels.
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Figure 3.3.1 The potential effect of vowel duration.

longest 25%
shortest 25%
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Condition
longest 25% of vowel tokens
shortest 25% of vowel tokens

SED
17831
14369

ΔSED
0%
-19.4%

Table 3.3.1 Sums of Euclidean distances between vowel grand means in the longest and the shortest
vowels (standardized). (SED – sum of Euclidean distances, ΔSED – percentage change in the sum of
Euclidean distances).

Figure 3.3.1 shows a considerable difference between the longest and the shortest vowels.
There is clearly a large shrinkage of the overall vowel space, confirmed also by the
change in the sum of Euclidean distances. This potential effect can be decomposed into
two factors. First, all the vowels except i are raised (i.e. have a lowered F1); nonhigh
vowels are affected particularly strongly. Second, all the vowels except for u appear to be
centralized in the F2 dimension (i.e. their F2 is lower or higher depending on the vowel’s
frontness). The F1 lowering effect is exactly what would be expected under Lindblom’s
(1963) undershoot model of vowel reduction: all consonants are likely to have lower F1
loci than most vowels, and the effect is likely to be greater the shorter the vowel is. (It has
to be remembered, however, that Lindblom stipulated that there is no undershoot in high
vowels). The source of the F2 effect is less obvious. One possibility is that the fronter
vowels are more susceptible to the influence of F2-lowering consonants (e.g. labials) and
the more back vowels are more susceptible to the influence of F2-raising consonants (e.g.
palatals).

Factors affecting vowel duration are discussed at length in chapter 4.
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3.4

Speech rate

Speech rate varied between 1.8 and 10.8 syllables per second. Figure 3.4.1 presents the
breakdown of average speech rates by speech style and by subject. As is apparent, all
subjects succeeded in making an appreciable difference between the normal reading and
fast reading style, though the amount of the difference is not the same for all speakers
(except for m2 and w2). This intra-subject difference appears to have been caused mostly
by how quickly they were able to read in the fast reading style, rather than differences in
the normal reading style. One interesting point to note is the fact that with the exception
of speaker m1, all the subjects used the same speech rate for the normal reading style and
the narrative style. (We will return to this point when we consider the potential effect of
speech style in section 3.14).
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Figure 3.4.1 Breakdown of speech rate by subject and speech style.

Figure 3.4.2 shows the difference between the mean vowel spaces of the 25% of vowels
that were spoken at the lowest rates and the 25% of vowels that were spoken at the
highest rates. Table 3.4.1 shows the sums of Euclidean distances for these two categories.
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Figure 3.4.2 The potential effect of speech rate.

Condition
25% of vowel tokens spoken at the lowest rates
25% of vowel tokens spoken at the highest rates

SED
17435
14181

ΔSED
0%
-18.7%

Table 3.4.1 Sums of Euclidean distances between grand means of vowels spoken at the lowest and the
highest speech rates.

The potential effect of speech rate appears to clearly be one of “classic” vowel space
shrinkage. Of course, speech rate is very likely to be highly correlated with vowel
duration and the question arises whether the former can be fully subsumed by the latter.
To be more precise, the question is whether speech rate should be expected to have any
additional effect on the spectral properties of vowel beyond the one it exerts as a likely
determinant of vowel duration. As can be seen, the shifts in vowel space due to lower
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duration (shown in the preceding section) and higher speech rate are not identical.
However, at this point it is worth remembering that the data have not been subject to
statistical analysis and the difference may be nothing more than an unintended
consequence of the way data points have been sorted. In fact, this is likely to be the
explanation for the fact that at the highest speech rates, high vowels appear to have a
higher F1 than at the lowest speech rates, while the shortest high vowels (except i) have a
lower F1 than the longest high vowels. As can be seen in figure 3.4.1, in his normal
reading style, speaker m1 used a rate of speech that was lower than that of the other
speakers. This means that his tokens are likely to be overrepresented among the low-rate
tokens, which is in fact the case (503 out of 1231, i.e. 40.9%). As can be seen from figure
3.2.1, he also happens to be the speaker with the lowest overall formant values; his tokens
may thus be pulling the means disproportionately down.

This reasoning, however, cannot explain why the speech rate effect is different from the
duration effect in the non-high vowels, which the graphical displays suggest. Several
explanations could be suggested for why that is the case. First, it may be pointed out that
both the speech rate variable and the duration variable measure vowel duration with some
degree of error, due in the former case to the fact that a higher level domain is used and in
the latter to the fact that the semi-automatic segmentation algorithm used in this work is
unlikely to have been perfect (leaving aside the intrinsic problems involved in
segmenting vowels and consonants such as sonorants and voiced fricatives).
Conceivably, these errors work in different directions with the two measures. (For
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example, vowels spoken at the highest rates might turn out not to be the shortest vowels,
because at higher speech rates consonantal constrictions may be reduced and a longer
stretch may be assigned to the vowel). Alternatively, speech rate may indeed affect vowel
articulation beyond its indirect effect through vowel duration. Since non-high vowels
spoken at the highest rates appear to have higher F1 values than the shortest vowels, the
explanation would have to be that at the highest speech rates speakers overcompensate by
making their vocalic tongue gestures more extreme and more rapid. Finally, neither
answer may be needed if the speech rate effect is not found to be significant by the
statistical analyses presented in the following chapters.

3.5

Comparative intensity

Comparative intensity, i.e. the intensity of the vowel relative to the neighboring vowels
with inter-vowel differences in inherent intensity subtracted away, varied between 0.7521.38. Figure 3.5.1 compares the vowel spaces of the 25% of vowels with the lowest
comparative intensity with the 25% of vowels with the highest score on this metric. Table
3.5.1 shows the sums of Euclidean distances in these two conditions.
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Figure 3.5.1 The potential effect of comparative intensity.

Condition
25% of vowel tokens with the lowest CI score
25% of vowel tokens with the highest CI score

SED
16454
15958

ΔSED
0%
-3%

Table 3.5.1 Sums of Euclidean distances between grand means of vowels spoken with the highest and the
lowest comparative intensity.

The spectral effect appears to be due almost entirely to F1-raising in vowels with high
comparative intensity (with the exception of the vowel e). This is, of course, hardly
surprising: all other things being equal, less constricted vowels can be expected to have
higher intensity. In fact, this is precisely the reason why raw intensity scores cannot be
compared across vowels of different heights. The interesting question is, however, what
drives the variation in intensity. When this variable was introduced, it was hoped that it
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could provide information about how stressed or unstressed the vowel is, because
intensity is one of the correlates of stress in Polish, albeit not a major one (Jassem 1962). 3
This hope appears to have been justified. Table 3.5.2 compares the proportions of vowels
that could be expected to be stressed on phonological grounds (vowels in penultimate
syllables and non-clitic monosyllables, cf. section 3.15) in the two groups and in the
entire dataset. Phonologically stressed vowels are clearly overrepresented in the high
comparative intensity group and underrepresented in the other one.

Condition
25% of vowel tokens with the lowest CI score
25% of vowel tokens with the highest CI score
All vowel tokens

Phonologically
stressed vowel tokens
219/1231
755/1231
1946/4923

Phonologically stressed
vowel tokens (%)
17.8%
61.33%
39.5%

Table 3.5.1 Phonologically stressed vowel tokens in the two comparative intensity categories.

However, the differences in comparative intensity may not be wholly attributable to
stress differences. The findings of Koopmans-van Beinum (1980) suggest that unstressed
vowels could be expected to have a shrunken vowel space vis-à-vis stressed vowels. As
table 3.5.1 shows, this is not the case here: in fact, the vowel space, as measured by the
sum of Euclidean distances, is smaller in the high comparative intensity group than in the
low comparative intensity group, albeit the difference is far smaller than those due to
speech rate and duration. As will be shown in the section discussing the position of the
syllable in the word (3.15), this is not the case when the phonologically stressed vowels

3

A major complication is that, as shown by Jassem (1962), the correlation between stress and intensity in
Polish is only strong in words spoken with falling intonation, and the intonational contour of the utterances
was not controlled for here.
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are compared directly to the phonologically unstressed ones. This suggests that the ability
of the comparative intensity variable to reflect stress-driven differences may be
compromised by the existence of vowels that do have high comparative intensity but are
not lexically stressed and vice-versa. 4

3.6

Word frequency

Word frequency varied between 0-539,127 occurrences in the 40-million-words-large
PWN corpus. Figure 3.6.1 compares the vowel spaces of the 25% most frequent words
with the 25% least frequent words. Table 3.6.1 shows the sums of Euclidean distances for
these two categories.

4

There exists the possibility that the high-intensity vowels that are not phonologically stressed reflect
phrasal accent as opposed to lexical stress. On this scenario, we would have to assume that phrasal accent
has an effect on vowel intensity, but not on vowel formant frequencies. It is unclear why it should be so.
Van Bergem (1993) found that in Dutch both lexical stress and phrasal accent have independent effects on
vowel reduction.
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Figure 3.6.1 The potential effect of word frequency.

Condition
vowel tokens in the 25% least frequent words
vowel tokens in the 25% most frequent words

SED
16001
15028

ΔSED (%)
0%
-5.4%

Table 3.6.1 Sums of Euclidean distances between grand means of vowels appearing in the most and the
least frequent words.

Reduction processes have been found to have a more limited scope in low-frequency
words (Jurafsky et al. 2001). To a certain extent, this may be reflected by the Euclidean
distance data in table 3.6.1. However, caution is needed. The approach used here to
illustrate effects of independent variables is particularly ill-suited to capture a frequency
effect. By the very nature of the word frequency metric, the high frequency group will
contain vowel tokens from far fewer words than the low frequency group (although in
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this case the problem is partially alleviated by the fact any low-frequency word appearing
in the texts the subjects read is represented eight times in the data set, as each speaker
read the text twice). As a result, the high-frequency group may be prone to accidentally
reflect the specific properties of specific words rather than a frequency effect per se. The
inconsistent picture shown by figure 3.6.1 indicates that this may have been the case here
(F1 shifts in some vowels only, F2 changes with magnitude differing without a clear
pattern). This suspicion will be further confirmed in the section discussing the potential
effect of the content/function status of the word (3.21) and this issue will be discussed
further there.

It should be noted at this point that the frequency effect on vowel reduction may be
observed only to the extent that frequency is a somewhat crude index of predictability.
According to Jurafsky et al. (2001), reduction can be expected to be more common in
more predictable words because the speaker can assume that the listener will be able to
recover information more easily. But word frequency is only one element of
predictability. Word predictability is also a function of syntactic, semantic and discourse
factors. To a certain extent, these factors may be reflected by other independent variables
considered (in particular speech style, clause position of the word in the clause and the
content/function status). But matters get more complicated when the predictability of a
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given phoneme is to be considered. 5 Thus any effect of word frequency on vowel spectra
(or lack thereof) discovered in the data has to be treated with caution.

3.7

Preceding consonant place

Table 3.7.1 presents the frequency of the seven consonant place categories in the entire
dataset. The greatest effect on vocalic spectra was expected to come from consonants
with primary or secondary palatalization, i.e. alveopalatal, palatal and palatalized
consonants. It is precisely in their context that traditional descriptions of Polish postulate
the existence of fronted and raised allophones (e.g. Sawicka 1995). To capture this
potential effect for the purposes of data presentation, in this chapter only these three place
categories were collapsed into one category “palatal”, while the remaining place
categories (dentals, alveolars, labials and velars) were collapsed into one category
“nonpalatal”. (Quotation marks are used to avoid confusion with the term palatal used to
describe a specific place of articulation). The frequency of these two consonant place
categories is shown in table 3.7.2.

5

In this context, the findings of Wright (2003) and Scarborough (2004) are particularly interesting. Their
findings indicate that reduction and coarticulation vary depending on the difficulty of individual lexical
items, where difficulty is a function of relative word frequency and neighborhood density. Unfortunately,
the computational burden involved with the estimation of word difficulty means that this factor cannot be
considered in this work. The difficulties begin, though by no means end, with the fact that the commonly
used metric of neighborhood density – one phoneme difference – aside from being crude in its own right is
probably ill-suited to an inflectional language like Polish, in which words are longer than in an analytical
language like English, and thus fewer near-homophones are likely to exist.
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Place
labial
dental
alveolar
palatalized
alveopalatal
palatal
velar

Frequency
1174
1316
892
371
461
246
463

Frequency (%)
23.8%
26.7%
18.1%
7.5%
9.4%
5%
9.4%

Table 3.7.1 Breakdown of the data by place of articulation of the preceding consonant.
Place
“palatal”
“nonpalatal”

Frequency
1078
3845

Frequency (%)
21.9%
78.1%

Table 3.7.2 Breakdown of the data by place of articulation of the preceding consonant under a binary
division. (“Palatal” = alveopalatal, palatal and palatalized consonants, “nonpalatal” = all the other
consonants.)

The potential effect on vowel space of the preceding consonant place under the binary
distinction is shown in figure 3.7.1, while table 3.7.3 shows the sums of Euclidean
distances for these two categories. Both presentations differ from other displays, because
of the restrictions the phonological system of Polish places on the distribution of the
vowel y. This vowel never follows alveopalatal, palatalized and palatal consonants, and
thus has not been shown on the “palatal” vowel space in figure 3.7.1. The Euclidean
distances in table 3.7.3 have been calculated in both cases without including the vowel y,
to allow for a meaningful comparison. It should be pointed out that the vowel i is also
restricted phonologically as to what consonant it can follow. In a mirror image of the
behavior of y, i can only be preceded by alveopalatals, palatals and palatalized segments.
However, we have assumed after Sawicka (1995) that this restriction only applies word
internally. Thus the cases of i in the “nonpalatal” context are those tokens of word-initial
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i that were preceded by a word ending in a “nonpalatal” consonant, without a pause.
There are no parallel cases of y, since this vowel never occurs word-initially.
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Figure 3.7.1 The potential effect of preceding consonant place under a binary division. Note that only five
vowels are possible in the “palatal” condition. (“Palatal” = alveopalatal, palatal and palatalized consonants,
“nonpalatal” = all the other consonants.)
Place
“nonpalatal”
“palatal”

SED
12151
9360

ΔSED (%)
0%
-22.97%

Table 3.7.3 Sums of Euclidean distances between grand means of vowels appearing after “palatal” and
“nonpalatal” consonants. Only the vowels i, e, a, o and u were used in the calculations.

As can be seen, the presence of a preceding “palatal” consonant has a large effect on the
shape of the vowel space. With the exception of the vowel e, the effect appears to be
confined to the F2 domain: vowels preceded by a palatal consonant are much more front
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(except for i). The vowel space is also dramatically shrunk; in fact, it is the greatest
shrinkage observed in any condition.

3.8

Following consonant place

The same approach as in section 3.7 was taken to the investigation of the effect of the
following consonant place. Tables 3.8.1 and 3.8.2 present summary statistics about the
frequency of occurrence of the various place categories under the seven-way and the twoway division, respectively. Figure 3.8.1 illustrates graphically the transformation of
vowel space under the binary division of consonants into “palatal” and “nonpalatal”,
while table 3.8.3 shows the sums of the Euclidean distances for these two categories. It
should be noted that in this case, there are no restrictions on possible vowel-consonant
combinations, and all vowels were included in the calculation of Euclidean distances.
However, to facilitate comparison of the preceding and the following consonant place
effect, sums of Euclidean distances were also calculated for the limited five-vowel set
(excluding y). These are shown in table 3.8.4.

Place
labial
dental
alveolar
palatalized
alveopalatal
palatal
velar

Frequency
1286
1337
727
306
491
204
572

Frequency (%)
26.1%
27.2%
14.8%
6.2%
10%
4.1%
11.6%

Table 3.8.1 Breakdown of the data by place of articulation of the following consonant.
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Place
“palatal”
“nonpalatal”

Frequency
1001
3922

Frequency (%)
20.3%
79.7%

Table 3.8.2 Breakdown of the data by place of articulation of the following consonant under a binary
division. (“Palatal” = alveopalatal, palatal and palatalized consonants, “nonpalatal” = all the other
consonants.)
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Figure 3.8.1 The potential effect of following consonant place under a binary division. (“Palatal” =
alveopalatal, palatal and palatalized consonants, “nonpalatal” = all the other consonants.)

Place
“nonpalatal”
“palatal”

SED
16290
14008

ΔSED (%)
0%
-14%

Table 3.8.3 Sums of Euclidean distances between grand means of vowels appearing before “palatal” and
“nonpalatal” consonants.
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Place
“nonpalatal”
“palatal”

SED
12197
10023

ΔSED (%)
0%
-17.8%

Table 3.8.4 Sums of Euclidean distances between grand means of vowels appearing before “palatal” and
“nonpalatal” consonants. Only the vowels i, e, a, o and u were used in the calculations.

From the graphical display, the effect of a following “palatal” consonant appears to be
smaller than that of a preceding one. This is in line with impressionistic descriptions of
the Polish vowel system (e.g. Sawicka 1995). 6 The transformation is also somehow
different, with a greater apparent effect in the F1 domain (with the exception of the vowel
e). Judging from the Euclidean distance scores, the vowel space shrinks considerably,
but less dramatically than in the case of a preceding “palatal” consonant.

3.9

Preceding consonant manner

Table 3.9.1 shows the frequency of the seven manner categories of the preceding
categories in the entire data set. To explore the potential effect of the manner of the
preceding consonant on the following vowel, in this chapter the levels of this variable
were collapsed into two broad natural classes: obstruents (stops, fricatives and affricates)
and sonorants (approximants, trills, laterals and nasals). The summary statistics for this
binary division are shown in table 3.9.2. The potential effect of these two categories on
the vowel space is illustrated in figure 3.9.1, while the sums of Euclidean distances are
shown in table 3.9.3.

6

According to Sawicka (1995), fronting/raising is most common between “palatal” consonants”, rather
common after a “palatal” consonant but before a “nonpalatal” one, and very rare in the reverse situation.
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Manner
stop
fricative
affricate
approximant
trill
lateral
nasal

Frequency
1618
1229
314
338
327
241
856

Frequency (%)
32.9%
25%
6.4%
6.9%
6.6%
4.9%
17.4%

Table 3.9.1 Breakdown of the data by manner of articulation of the preceding consonant.
Manner
sonorant
obstruent

Frequency
1762
3161

Frequency (%)
35.8%
64.2%

Table 3.9.2 Breakdown of the data by manner of articulation of the preceding consonant under a binary
division. (Obstruent = stop, fricative and affricate, sonorant = all the others.)
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Figure 3.9.1 The potential effect of preceding consonant manner under a binary division. (Obstruent =
stop, fricative and affricate, sonorant = all the others.)
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Manner
sonorant
obstruent

SED
16263
15601

ΔSED (%)
0%
-4.1%

Table 3.9.3 Sums of Euclidean distances between grand means of vowels appearing after obstruents and
after sonorants.

From the theoretical point of view, the expected effect of consonant manner divided
binarily into obstruent and sonorant is unclear. From the perspective of the undershoot
model, one could perhaps expect that sonorants might induce less coarticulatory pressure
on the neighboring vowels, since they themselves require a more open oral constriction
than obstruents (except for nasals). On the other hand, sonorant consonants are among the
ones that have the greatest effect on vowel formants due to their acoustic properties
(Johnson 2003). Judging from the data in table 3.9.3, the former tendency may be
dominant, since the sum of Euclidean distances is greater in the sonorant condition, albeit
the effect is small when compared with the one we have observed for example for vowel
duration or speech rate.

Most likely, the data presented at this point show the limits of binary classification. It is
very likely that the four types of sonorants have somewhat different effects on the vowel
space and that these effects can only be assessed accurately when each manner class is
treated separately, which will be the case in the statistical models presented in the
following chapters.
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3.10

Following consonant manner

The same approach as in the preceding section was used to explore the potential effect of
the following consonant manner. Table 3.10.1 shows the frequency of the seven manner
categories used in this work, while table 3.10.2 shows the frequency of the following
consonants according to manner under the binary classification into obstruents and
sonorants. Figure 3.10.1 illustrates the potential effect of the following consonant
manner, and table 3.10.3 shows the sums of Euclidean distances in the two categories.

Manner
stop
fricative
affricate
approximant
trill
lateral
nasal

Frequency
1455
1527
345
508
249
166
673

Frequency (%)
29.6%
31%
7%
10.3%
5.1%
3.4%
13.7%

Table 3.10.1 Breakdown of the data by manner of articulation of the following consonant.
Manner
sonorant
obstruent

Frequency
1596
3327

Frequency (%)
32.4%
67.6%

Table 3.10.2 Breakdown of the data by manner of articulation of the following consonant under a binary
division. (Obstruent = stop, fricative and affricate, sonorant = all the others.)
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Figure 3.10.1 The potential effect of following consonant manner under a binary division. (Obstruent =
stop, fricative and affricate, sonorant = all the others.)
Manner
sonorant
obstruent

SED
14715
16123

ΔSED (%)
-8.7%
0%

Table 3.10.3 Sums of Euclidean distances between grand means of vowels appearing before obstruents and
after sonorants.

Graphically, the changes in vowel space due to the sonorant-obstruent distinction in the
following consonant appear to be similar to those related to the preceding consonant
manner, as discussed in the previous section. However, the examination of the Euclidean
distance data reveals a different effect: in this case, the vowel space is actually shrunk in
the sonorant condition. The difficulties in interpreting these potential effects parallel
those involved with the interpretation of the potential effect of the preceding consonant
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manner, as discussed in the preceding section. In this case also a more detailed discussion
will be postponed until specific statistical models are analyzed in the following chapters.

3.11

Preceding consonant voicing

Table 3.11.1 presents summary statistics about voicing in consonants preceding the
vowels examined. Figure 3.11.1 illustrates the potential effect of the voicing distinction
on the vowel space, while table 3.11.2 shows the sums of Euclidean distances in these
two conditions.

Voicing
voiced
voiceless

Frequency
3200
1723

Frequency (%)
65%
35%

Table 3.11.1 Breakdown of the data by voicing of the preceding consonant.
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Figure 3.11.1 The potential effect of preceding consonant voicing.

Voicing
voiced
voiceless

SED
15679
15670

ΔSED (%)
0%
-0.0005%

Table 3.11.2 Sums of Euclidean distances between grand means of vowels appearing after voiced and
voiceless consonants.

From the theoretical standpoint, no specific effect of preceding consonant voicing on the
vowel space can be expected. From the graphic display, we see that vowels that follow
voiced consonants tend to be somewhat fronter, but this may turn out to be an accident
related, for example, to the different distribution of consonants with different places of
articulation among the voiced and voiceless groups. The Euclidean distance data indicate
that there is basically no shrinkage of the vowel space from one category to the other.
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3.12

Following consonant voicing

Table 3.12.1 presents summary statistics about voicing in consonants following the
vowels examined. Figure 3.12.1 illustrates the potential effect of the voicing distinction
on the vowel space, while table 3.12.2 shows the sums of Euclidean distances in these
two conditions.

Voicing
voiced
voiceless

Frequency
3206
1717

Frequency (%)
65.1%
34.9%

Table 3.12.1 Breakdown of the data by voicing of the following consonant.
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Figure 3.12.1 The potential effect of following consonant voicing.
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100
Voicing
voiced
voiceless

SED
15676
16228

ΔSED (%)
-3.4%
0%

Table 3.12.2 Sums of Euclidean distances between grand means of vowels appearing before voiced and
voiceless consonants.

As was the case with preceding consonant voicing, there are no specific expectations
regarding the impact of the following consonant voicing status on vowel space. Some,
but not all, vowels are slightly lower in the voiced condition, and the vowel space appears
to be somehow shrunk in that condition. Whether there is any genuine effect of voicing
must be verified by statistical analyses.

3.13

Number of following consonants

Summary statistics concerning the number of consonants following the vowel (before
another vowel within the same word) are shown in table 3.13.1. To illustrate the potential
effect of this factor, two categories were created: 0-1 consonants and 2 or more
consonants. Frequencies within these two categories are shown in table 3.13.2. Their
potential effect is shown graphically in figure 3.13.1, and the Euclidean distance data are
provided in table 3.13.3.

Number
0
1
2
3

Frequency
1104
2931
783
105

Frequency (%)
22.4%
59.5%
15.9%
2.1%

Table 3.13.1 Breakdown of the data by number of following consonants.
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Number
0-1
2-3

Frequency
4035
1717

Frequency (%)
82%
18%

Table 3.13.2 Breakdown of the data by number of following consonants (binary division).
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Figure 3.13.2 The potential effect of the number of following consonants.

Number
0-1
2-3

SED
16066
14936

ΔSED (%)
0%
-7%

Table 3.13.3 Sums of Euclidean distances between grand means of vowels appearing before 0-1 consonant
and 2-3 consonants.

Because syllable division in Polish is a rather complicated matter on which there is no
universal agreement (Sawicka 1995), in this work we have not considered syllable
structure directly. To a certain extent, the potential impact of syllable structure could be
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captured by the more objective metric of following consonant count. The higher the
count, the more likely the syllable is to be a closed syllable. All other things being equal,
if an effect were to be found, it could be expected to be one of increased reduction in
closed syllables. The Euclidean distance data in table 3.13.3 indicate that this may be the
case in Polish, but the graphical display in figure 3.13.1 shows that any effect is rather
slight and confined to the vowels i and u. Moreover, since vowels could be expected to be
shorter in closed syllables, the effect may be only an apparent one explainable by
durational differences.

3.14

Speech style

Table 3.14.1 shows the breakdown of the data by speech style. Figure 3.14.1 presents the
mean vowel spaces of all speakers combined in the three styles in a two-dimensional
vowel space. Table 3.14.2 presents the sums of Euclidean distances in the three
conditions.

Style
normal reading
fast reading
narrative

Number of tokens
1737
1636
1550

Number of tokens (%)
35.3%
33.2%
31.5%

Table 3.14.1 Breakdown of the data by speech style.
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Figure 3.14.1 The potential effect of speech style.

Style
normal reading
fast reading
narrative

SED
17291
15034
15080

ΔSED (%)
0%
-13.1%
-12.8%

Table 3.14.2 Sums of Euclidean distances between vowel grand means in the three speech styles.

Both the graphical display in figure 3.14.1 and the changes in Euclidean distances
suggest that there is a considerable difference between the normal reading style on the
one hand, and the fast reading style and the narrative style on the other, but that the
differences between the latter two styles are minor. Except for the high vowels, the
overall effect appears to be shrinkage rather than unidirectional formant shift.
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This potential effect is not surprising in the light of the findings of Koopmans-van
Beinum (1980), who found that Dutch speakers had more expanded vowel spaces in more
“formal” speech styles. This applies in particular to the difference between the slow
reading style and the narrative style, while the shrinkage in the fast reading style may be
more related to the speech rate increase that this task induced. To the extent that there is
an independent speech style effect, it may reflect the fact that the scope of reduction is
likely to be positively correlated with predictability (Jurafsky et al. (2001), cf. also the
discussion in section 3.6). The text the subjects read in the two reading conditions was
unfamiliar to them, while the narratives were personal stories told in an informal way to
the investigator they were well acquainted with; it is likely that they assumed that in the
latter case there was much more common ground. In addition, the very task of reading a
story may have induced them to behave in a more formal way, i.e. use a more careful
articulation.

3.15

Syllable position

Table 3.15.1 shows the distribution of vowel tokens in the entire dataset according to
their position in the word. Since in Polish penultimate vowels and nonclitic
monosyllables are expected to carry main lexical stress, in this chapter these two
categories were collapsed into one category stressed, while all the other vowels were
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collapsed into the category unstressed. 7 The summary statistics for these two groups are
shown in table 3.15.2. Figure 3.15.1 illustrates their potential effect on the vowel space,
and table 3.15.3 shows the sums of the Euclidean distances in these two categories.

Position
penultimate
monosyllable
proclitic
enclitic
antepenultimate
preantepenultimate
final
other

Frequency
1794
152
338
158
805
236
1399
41

Frequency (%)
36.4%
3.1%
6.9%
3.2%
16.4%
4.8%
28.4%
0.8%

Table 3.15.1 Breakdown of the data by (phonological) position in the word..
Phonological stress
stressed
unstressed

Frequency
1946
2977

Frequency (%)
39.5%
60.5%

Table 3.15.2 Breakdown of the data by phonologically expected stress. (Stressed = penultimate and
nonclitic monosyllables, unstressed = all the others.)

7

Secondary stress was not considered. It is a complex issue in Polish on which little is known for certain
(see especially Steffen-Batogowa 2000 for a review).
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Figure 3.15.1 The potential effect of phonologically expected stress. (Stressed = penultimate and nonclitic
monosyllables, unstressed = all the others.)
Phonological stress
stressed
unstressed

SED
16986
15131

ΔSED (%)
0%
-10.9%

Table 3.15.3 Sums of Euclidean distances between vowels that can be expected to be stressed and
unstressed on phonological grounds.

Stressed vowels have been found to be less prone to reduction in several languages
(Harris 1978, Nord 1986, van Bergem 1993). The data presented here appear to clearly
confirm this for Polish: the vowel space of unstressed vowels is clearly shrunk, which can
be seen in the graphical display and is also indicated by the Euclidean distance metric.
The truly interesting question is whether this is a genuine independent effect, or whether
it merely reflects durational differences between stressed and unstressed vowels. The
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question is particularly important because there is evidence that in Polish the differences
in duration between stressed and unstressed vowels are smaller than in some other
languages. For example, Jassem (1962) estimated the duration ratio of stressed to
unstressed vowels in Polish at 1.17:1 on average. For English, Crystal and House (1988b)
estimated the same ratio at 2:1 for monophthongs and 1.5:1 for diphthongs. We will
examine these issues carefully in the following chapters.

3.16

Size of the phonological word

Phonological words in the data varied between 1-9 syllables. The summary statistics
about the distribution of vowel tokens in different categories are shown in table 3.16.1.
For the purpose of exploration of the potential effect, the data were arbitrarily divided
into shorter phonological words (1-3 syllables) and longer words (4 or more syllables).
The summary statistics for these two groups are shown in table 3.16.2. Figure 3.16.1
illustrates their potential effect on the vowel space, and table 3.16.3 shows the sums of
the Euclidean distances in these two categories.
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Phonological word size
1
2
3
4
5
6
7
8
9

Frequency
76
1322
1878
1089
425
108
16
4
5

Frequency (%)
1.5%
26.9%
38.1%
22.1%
8.6%
2.2%
0.3%
0.08%
0.1%

Table 3.16.1 Breakdown of the data by size of the phonological word.
Phonological word size
1-3
4-9

Frequency
3276
1647

Frequency (%)
66.5%
33.5%

Table 3.16.2 Breakdown of the data by size of the phonological word under binary division.
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Figure 3.16.1 The potential effect of phonological word size.
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Phonological word size
1-3
4-9

SED
16221
15044

ΔSED (%)
0%
-7.3%

Table 3.16.3 Sums of Euclidean distances between vowels in short and in long phonological words.

There are no theoretical reasons to expect that size of the phonological word per se has an
impact on the degree of vowel reduction. However, vowels tend to be shorter in longer
words; this effect was used by Moon and Lindblom (1994) to obtain English vowels of
different durations. We could expect then vowels in longer phonological words to be
more reduced, reflecting indirectly the effect of duration on vowel reduction. The data
presented here indicate that this may indeed be the case, but this can only be verified
through statistical analyses in the subsequent chapters. 8

3.17

Postpausal phonological word

Table 3.17.1 presents the summary statistics concerning the distribution of vowel tokens
in postpausal and non-postpausal phonological words in the entire dataset. Figure 3.17.1
presents the potential effect of these two conditions on the vowel space, and table 3.17.2
presents the sums of Euclidean distances.

Postpausal phonological word
no
yes

Frequency
4102
821

Frequency (%)
83.3%
16.7%

Table 3.17.1 Breakdown of the data by the position of the phonological word with regard to a preceding
pause.
8

In addition, as Ian Maddieson points out (p.c.), longer phonological words may have more inflectional
syllables, which could also result in an apparent effect of increased reduction.
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Figure 3.17.1 The potential effect of a pause preceding the phonological word.

Postpausal phonological word
no
yes

SED
16234
13554

ΔSED (%)
0%
-16.5%

Table 3.17.2 Sums of Euclidean distances between grand means of vowels appearing in postpausal and
non-postpausal phonological words.

The postpausal variable was included for exploratory purposes (“data-mining”) rather
than any specific theoretical reason. At the same time, the presence of a pause could
conceivably correlate with changes in vowel space for several reasons. First, the vowels
that are immediately adjacent to a pause may be subject to increased “coarticulation”
with the rest position of the vocal tract (Nord 1986). The presence of such vowels in the
postpausal dataset might thus skew the results for this group towards showing somewhat

111
greater centralization. 9 Second, at least some pauses are likely to coincide with higherlevel domains such as intonational phrases, clauses etc., and the phenomenon of domaininitial strengthening is well attested in a number of languages (Keating 1999, 2004). It
has been examined in detail only for consonants and the possible predictions for vowels
are not clear. On the one hand, the strengthening effect of a domain boundary on
consonants manifests itself in longer and more extreme gestures. These would be likely to
result in increased vowel target undershoot, unless of course the vowel in question were
itself strengthened, i.e. articulated with more extreme gestures. In addition, postpausal
segments, including vowels, may be lengthened (Cho 2004), complicating the matters
even further. Finally, there is one more possibility that cannot be ignored and that is
specific to our data set. Speakers made substantially fewer pauses in the fast reading
condition than in the other two conditions, i.e. they made fewer pauses in the condition
which appears to be correlated with greatest overall reduction (cf. section 3.14). For this
reason, vowels from the fast reading style are underrepresented in the postpausal
condition (162 out of 821, i.e. 19.7% vis-à-vis 33.3% in the entire dataset). This could
skew the data towards displaying ostensibly less reduction in this condition.

The potential effect of postpausal condition on the vowel is quite large when the sums of
Euclidean distances are considered and opposite in direction to what the account that
relies on data skewing due to unequal distribution of tokens among styles would lead us
9

In this condition, as well as in the prepausal condition, clause-initial condition and clause-final condition,
all vowels in the phonological word are treated together. Of course, effects such as “coarticulation” with
the rest position of the vocal tract (and perhaps others) would show themselves primarily in the domainedge adjacent vowel (immediately prepausal etc.) However, a strong effect should still be noticeable when
we compare one group in which a certain proportion of vowels is affected with one in which none are.
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to expect. Judging from the graphical display, the potential effect is confined to high
vowels. It certainly does not provide a straightforward case of vowel space centralization,
which makes the account in terms of increased influence by the rest position of the vocal
tract unlikely. There remains the possibility that the effect is caused by stronger
consonant articulation resulting from domain-initial strengthening, but it is unclear why
only the high vowels should be affected. As is the case with other variables, only
detailed statistical modeling will be able to tell us whether we are dealing with a genuine
effect at all. Of course, there is the possibility that some or all of the effects discussed
here are in fact present in the data, but the variables chosen are not sensitive enough to
capture them.

3.18

Prepausal phonological word

Table 3.18.1 presents the summary statistics concerning the distribution of vowel tokens
in prepausal and non-prepausal phonological words in the entire dataset. Figure 3.18.1
presents the potential effect of these two conditions on the vowel space, and table 3.18.2
presents the sums of Euclidean distances.
Prepausal phonological word
no
yes

Frequency
4247
676

Frequency (%)
86.3%
13.7%

3.18.1 Breakdown of the data by the position of the phonological word with regard to a following pause.
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Figure 3.18.1 The potential effect of a pause following the phonological word.

Prepausal phonological word
no
yes

SED
15737
16762

ΔSED (%)
-6.1%
0%

Table 3.18.2 Sums of Euclidean distances between grand means of vowels appearing in prepausal and nonprepausal phonological words.

The potential sources for an effect of being in a prepausal phonological word on the
vowel’s quality are somehow clearer than is the case with the postpausal condition. Nord
(1986) suggested that the anticipatory effect of the rest position of the vocal tract is
greater than the perservatory one. We would thus be more likely to find increased
centralization in the prepausal condition. As can be seen in the data presented here, this is
clearly not the case: the vowel space appears to be expanded in the prepausal condition. It
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is possible that what we observe is a durational effect, since domain-final lengthening is a
well attested phenomenon (e.g. Wightman et al. 1992). It is also possible that this effect
is compounded by the fact that vowels from the fast reading style, which are prone to
undergo most reduction, are underrepresented in the prepausal dataset as well (140 out of
676, i.e. 20.7% vis-à-vis 33.2% in the entire dataset).

When the Euclidean distance data for the postpausal and the prepausal variables are taken
together, another possible source of the observable effects emerges. As was noted in
section 3.6, Jurafsky et al. (2001) have shown that predictability of information may
influence the degree of reduction, with the material conveying the more predictable
information being more prone to reduction. Given the fact that Polish is a language with
a basic SVO word order (Stone 1990), old information may be expected to precede new
information in the clause (although the effect is likely to be obscured by the fact that
subjects, i.e. the prototypical topics, do not have to be overtly expressed). To the extent
that pauses may be correlated with syntactic structure, we could expect more reduction
after pauses and less before them. This appears indeed to be the case, with non-prepausal
and non-postpausal words falling in between. Once again, whether this is a real effect
requires statistical verification.

115
3.19

Clause-initial phonological word

Table 3.19.1 presents the summary statistics concerning the distribution of vowel tokens
in clause-initial and non-clause initial phonological words in the entire dataset. Figure
3.19.1 presents the potential effect of these two conditions on the vowel space, and table
3.19.2 presents the sums of Euclidean distances.

Clause-initial phonological word
no
yes

Frequency
3283
1640

Frequency (%)
66.7%
33.3%

3.19.1 Breakdown of the data by the position of the phonological word with regard to clause beginning.
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Figure 3.19.1 The potential effect of a preceding clause boundary.

F1

450

no
yes

116
Clause-initial phonological word
no
yes

SED
16216
15080

ΔSED (%)
0%
-7%

Table 3.19.2 Sums of Euclidean distances between grand means of vowels appearing in clause-initial and
non-clause-initial phonological words.

In sections devoted to the pause-related variables (3.17-3.18), we have discussed the fact
that the predictions related to domain-edge strengthening phenomena are unclear as far as
vowels are concerned. This also applies to clause-initial words. A more useful approach
may involve considerations of predictability, which we have invoked in sections 3.6 and
3.18. Given the fact that the beginning of the clause is more likely to present old (i.e.
more predictable) information rather than new (i.e. less predictable) information, we
could expect vowels in clause-initial phonological words to be more reduced. The
Euclidean distance data suggest that this is the case. However, this potential effect is by
no means clear, since what we see in figure 3.19.1 is a vowel space shift rather than
shrinkage. The fact that the latter can be observed is almost certainly due to the fact that
the vowel u is more fronted than others (for the other vowels the changes appear too
small to be statistically significant).

3.20

Clause-final phonological word

Table 3.20.1 presents the summary statistics concerning the distribution of vowel tokens
in clause-final and non-clause final phonological words in the entire dataset. Figure
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3.20.1 presents the potential effect of these two conditions on the vowel space, and table
3.20.2 presents the sums of Euclidean distances.

Clause-final phonological word
no
yes

Frequency
3294
1629

Frequency (%)
66.9%
33.1%

Table 3.20.1 Breakdown of the data by the position of the phonological word with regard to clause ending.
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Figure 3.20.1 The potential effect of a following clause boundary.

Clause-final phonological word
no
yes

SED
15285
16954

ΔSED (%)
-9.8%
0%

Table 3.20.2 Sums of Euclidean distances between grand means of vowels appearing in clause-final and
non-clause-final phonological words.
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The phenomenon of domain-final lengthening, as well as considerations of information
structure within a clause, both of which were discussed in the preceding sections, would
lead us to expect that vowels should be less reduced in clause-final phonological words.
To the extent that the effect observed here is verified statistically, this prediction is
clearly confirmed both by the graphical display and by the Euclidean distance data.

3.21

Content vs. function words

Table 3.21.1 presents the summary statistics concerning the distribution of vowel tokens
in content and function words in the entire dataset. Figure 3.21.1 presents the potential
effect of these two conditions on the vowel space, and table 3.21.2 presents the sums of
Euclidean distances.

Word
content
function

Frequency
3299
924

Frequency (%)
67%
33%

Table 3.21.1 Breakdown of the data by the content/function status of the word.
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Figure 3.21.1 The potential effect of the word content/function distinction.

Word
content
function

SED
15938
14772

ΔSED (%)
0%
-7.3%

Table 3.21.2 Sums of Euclidean distances between grand means of vowels appearing in content and
function words.

Vowels have been found to be less reduced in content words in other languages (e.g. van
Bergem 1993). This tendency can be accounted for considerations of predictability of
information (Jurafsky 2001, cf. also sections 3.6, 3.19, 3.20). All other things being
equal, function words carry more redundant information and as such could be expected to
reduce more. The Euclidean distance data confirm this prediction, but the somewhat
idiosyncratic way in which the vowel space is transformed in figure 3.21.1 cannot be
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easily accounted for. One possibility is that this merely reflects the fact that there are few
function words that tend to be frequent. As such, the function word category may simply
reflect accidental patterns – for instance, consonants of certain types may be more
common among them. The fact that frequency-related considerations cannot be left aside
when assessing the potential effect of the word content/function status becomes apparent
when we compare figure 3.21.1 with figure 3.6.1. Graphically, the transformation of
vowel space due to high-frequency of the word is almost identical to its transformation
due to the vowel appearing in a function word.

3.22

Content vs. function syllables

Table 3.22.1 presents the summary statistics concerning the distribution of vowel tokens
in content and function words in the entire dataset. Figure 3.22.1 presents the potential
effect of these two conditions on the vowel space, and table 3.22.2 presents the sums of
Euclidean distances.

Syllable
content
function

Frequency
2855
2068

Frequency (%)
58%
42%

Figure 3.22.1 Breakdown of the data by the content/function status of the syllable.
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Figure 3.22.1 The potential effect of the syllable content/function distinction.

Word
content
function

SED
16340
15137

ΔSED (%)
0%
-7.4%

Table 3.22.2 Sums of Euclidean distances between grand means of vowels appearing in content and
function syllables.

The reasons mentioned in the preceding section also apply to the content/function
distinction between syllables: function syllables are expected to be more reduced due to
their higher predictability than content syllables. This indeed appears to be the case, since
the Euclidean distance data indicate that the vowel space is shrunk. Moreover,
graphically, the transformation of the vowel space has the appearance of the “classic”
centralizing shrinkage. However, caution is needed as the effect may be epiphenomenal.
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Most importantly, many of the function syllables are inflectional endings; as such, they
are likely to overrepresent the final, unstressed syllables, which are likely to be more
prone to reduction anyway (3.15). As with any other variable, the existence of a true
effect needs to be verified statistically.

3.23

Comparison of the Euclidean distance scores

To better evaluate the shrinkage of the vowel space in the different conditions, in this
section we will compare the Euclidean distance scores across them. In order to enable a
meaningful comparison with the preceding “palatal” condition, all the scores used in this
section were recalculated using only the five vowels (i, e, a, o and u) that can appear in
all consonantal contexts. Table 3.23.1 lists individual conditions ranked according to the
Euclidean distance-measured size of the vowel space that is found in them. Table 3.23.2
presents the percentage shifts in the sums of Euclidean distances that happen within the
individual variables, ranked according to the size of the percentage shift. (In this case, for
the three level variable “style”, the shift was calculated as the percentage shift in the sum
of Euclidean distances between the normal reading style and the average of the other two
styles.)

123
Condition
long duration
low speech rate
normal reading style
stressed
clause-final phonological word
prepausal phonological word
low comparative intensity
“nonpalatal” following
“nonpalatal” preceding
content syllable
sonorant preceding
non-postpausal phonological word
short phonological word
non-clause-initial phonological word
obstruent following
<2 consonants following
voiceless following
content word
low frequency word
AVERAGE
high comparative intensity
non-prepausal phonological word
voiced following
voiceless preceding
voiced preceding
obstruent preceding
non-clause-final word
function syllable
narrative style
unstressed
high frequency word
clause-initial phonological word
long phonological word
fast reading style
function word
2+ consonants following
sonorant following
short duration
high speech rate
“palatal” following
postpausal word
“palatal” preceding

SED
13219
12986
12689
12657
12619
12425
12238
12197
12151
12148
12138
12116
12091
12088
12008
12000
11979
11859
11852
11835
11782
11744
11741
11709
11662
11608
11396
11307
11289
11275
11254
11237
11222
11182
11087
11048
11006
10814
10581
10203
10029
9360

Table 3.23.1 Comparison of the sums of Euclidean distances in different conditions. (SED= sum of
Euclidean distances for the vowels i,e,a,o and u).
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Variable
preceding consonant place
speech rate
duration
non-postpausal vs. postpausal phonological word
following consonant place
speech style
position in the word
clause-final vs. non-clause final phonological word
following segment manner
number of following consonants
size of the phonological word
non-clause-initial vs. clause-initial phonological word
content vs. function syllable
content vs. function word
prepausal vs. non-prepausal phonological word
word frequency
preceding consonant manner
comparative intensity
following segment voicing
preceding segment voicing

ΔSED (%)
22
18.52
18.19
17.23
16.35
11.45
10.92
9.69
8.34
7.93
7.19
7.04
6.92
6.51
5.48
5.05
4.37
3.73
1.99
0.40

Table 3.23.2 Percentage changes (ΔSED) in the sums of Euclidean distances within variables, calculated
for the vowels i,e,a,o,u.

Bearing in mind that the effects have not been verified statistically, we can say that the
conditions that are listed in the top half of table 3.23.1 – above the “average” row – seem
to result in an expanded vowel space, while those listed in the bottom half seem to shrink
it. In general, the picture that emerges is coherent and unsurprising. In particular,
considering the very top of the ranking, we might say that the prototypical “unreduced”
vowel is long, spoken at a low speech rate, read in the normal reading style and stressed.
Most other conditions we find in this part of the table can also be accounted for by factors
that were discussed in this chapter (e.g. preceding and following “nonpalatals”, being in a
low-frequency content word etc.). For others, the cause of the effect is unclear (e.g. the
effect of manner and voicing). The only condition whose presence in the top part of the
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table is genuinely surprising is low comparative intensity, as the opposite effect could be
expected. Of course, the bottom part of table 3.23.1 is essentially a mirror image of the
top part and is thus equally unsurprising.

Essentially the same picture emerges when we consider the ranking of variables
according to percentage shift in the sum of Euclidean distances presented in table 3.23.2.
In general, the variables that would be expected to impact the vowel space the most
appear on the top of the table (speech rate, duration) and those for which no strong effect
could be expected appear at the bottom (e.g. the voicing variables). What is worth noting
is that the comparative intensity variable is also very low in the table: this suggests that
its rather surprising potential effect seen in table 3.23.1 may be epiphenomenal. In
addition, the effect of preceding segment place is strikingly strong in comparison with
others.

3.24

Conclusions

Any of the “potential effects” we have observed in this chapter could turn out to be
epiphenomenal “when the statistical dust settles”. However, it will be somewhat
surprising if at least some of the effects that appeared strong in this chapter do not turn
out to be significant predictors of vowel reduction and, conversely, if many variables that
did not appear important turn out to be crucial predictors. We now turn our attention to
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statistical modeling, beginning with duration in the following chapter and continuing with
each of the first two formants in the subsequent ones.
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4

Vowel duration

In chapter 3 we have seen that vowel duration appears to have a strong effect on the
shape of the vowel space. Of course, this potential effect remains to be verified
statistically, but it will be hardly surprising if it does turn out to be a real effect. From the
perspective of Lindblom’s (1963) undershoot model, duration can be expected to be one
of the crucial predictors of vowel reduction. As such, the factors that may influence it
deserve to be analyzed separately and accordingly the current chapter is devoted to
statistical modeling of vowel duration. In addition to being an interesting question in its
own right, this analysis of duration will enable us to clarify our expectations regarding
the impact of other predictors on formant frequencies. If a predictor that appears to have a
strong influence on vowel formants (as discussed in chapter 3) is also found to strongly
influence vowel duration, it will suggest that the former effect is epiphenomenal, i.e. that
the predictor’s apparent influence on vowel formants is a reflection of its influence on
vowel duration rather than an independent effect in its own right. (Of course, whether this
view is correct or not will be ultimately verified by statistical models of formant
frequencies presented in the following chapters).

All the independent variables discussed before will be used as predictors in this chapter,
except, of course, vowel duration, which will be the dependent variable.
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As was discussed at the end of chapter 2, caution is needed whenever statistical
correlations between variables are found, because the presence of a correlation does not
in itself prove a causal relationship. One possibility that always has to be taken into
consideration is that instead of the impact of x on y the correlation is in fact a result of y
influencing x. This appears unlikely in the current dataset: most other variables are
higher-level variables and it is extremely unlikely that they are affected by vowel
duration rather than the other way round. For example, it is practically impossible to
come up with a scenario according to which vowel duration affects word frequency or the
choice of the neighboring consonants. In the few cases when difficulties concerning the
directionality of a causal effect may arise, they will be discussed in the relevant sections.
Likewise, we will note situations in which a correlation between x and y may not reflect a
causal relationship between them at all: there is always the possibility that two variables
covary because they are both influenced by yet another variable.

In addition to being an interesting question in its own right, the analysis of vowel
duration in this chapter will serve two further functions. First, it will enable us to
generally evaluate the effectiveness of the semi-automatic segmentation algorithm that
was employed in this work. In general, if there are strong theoretical or empirical reasons
(cross-linguistic ubiquity) to expect an effect of a certain predictor on vowel duration, the
failure to find it in the data may indicate errors in the segmentation algorithm.
Conversely, finding an unexpected effect for which no explanation can be found may
indicate such errors as well. Of course, other possibilities abound and will be considered
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when necessary. For example, the independent variables selected may not be sensitive
enough to capture a certain effect, or an unexpected effect found may reflect a true but
hitherto unexplored generalization about the durational properties of Polish vowels.

Second, the statistical modeling of vowel duration in this chapter will provide a practical
illustration of the statistical procedures used in this work, which were described in a more
abstract way in chapter 2.

4.1

Selecting the model

Following the methodology outlined in chapter 2, the entire dataset (4923 tokens) was
randomly divided into a training set comprising 75% of vowel tokens (3692 tokens) and a
validation set comprising 25% of vowel tokens (1231). The validation set was then used
to select a model using the bidirectional stepwise search employing the Akaike
Information Criterion (AIC), using raw duration scores in milliseconds as the dependent
variable. With the exception of the variables clause-initial phonological word, postpausal
phonological word and syllable content/function, all the independent variables were
selected by the model. The 18 variables selected were then used to predict duration scores
for vowel tokens in the validation set and “R2” (the correlation between observed and
predicted scores in the validation set) was obtained. Independent variables were then
dropped one-by-one in the order that reversed the order in which they were selected by
the AIC procedure, and “R2” was recalculated. It was found to be maximized when the
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variables word frequency and phonological word size were also dropped from the model.
Accordingly, the remaining 16 independent variables were used to calculate the validated
model on the training set.

Table 4.1.1 shows the independent variables considered, listed in their order of inclusion
in the AIC-based model as well as “R2” values resulting from dropping the given variable
from the model, with variables included in the validated model appearing above the thick
line. Table 4.1.2 compares the statistical data of the validated model of the training set
with the predictions for the validation set obtained using the same independent variables
and the same regression coefficients. Figures 4.1.1 and 4.1.2 show the correlations
between predicted and obtained values of the dependent variable in the training set and
the validation set, respectively, providing a graphical illustration of the strength of the
relationship.
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Independent variable
vowel
style
syllable position
clause-final phonological word
following segment manner
preceding segment voicing
comparative intensity
speech rate
subject
preceding segment manner
prepausal phonological word
number of following consonants
following segment place
following segment voicing
preceding segment place
word content/function

AIC rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

“R2”
n/a
0.1165
0.1675
0.2116
0.2466
0.2705
0.3009
0.3127
0.3262
0.3308
0.3371
0.3392
0.3414
0.3441
0.3436
0.3405

phonological word size
word frequency
full AIC model
clause-initial phonological word
postpausal phonological word
syllable content/function

17
18
n/a
not selected
not selected
not selected

0.345
0.3425
0.3426
n/a
n/a
n/a

Table 4.1.1 Variable selection for the duration model. AIC rank refers to the order of inclusion of the
variables in the initial model of the training set using the stepwise AIC algorithm (the AIC model). “R2” is
the correlation between the predicted and the obtained scores in the validation set obtained by dropping the
independent variable listed in the same line and all independent variables with a lower AIC rank. The
maximum “R2” is shown in bold and the bold line separates independent variables included in the validated
model (above the line) from the ones that were not included (below the line).
Statistic
Value
Difference

R2
0.3036
0.0414

“R2”
0.345

RSE
24.65
-2.84

“RSE”
21.81

Table 4.1.2 Duration models. Comparison of the key statistics of the validated model of the training set and
its predictions for the validation set. R2 = squared multiple correlation coefficient of the validated model of
the training set; “R2” = squared correlation coefficient between observed values of duration in the
validation set and values predicted by the validated model of the training set. RSE = residual standard error
of the validated model of the training set; “RSE” = standard deviation of the differences between values
observed in the validation set and values predicted for the validation set by the validated model of the
training set. Difference indicates the difference between the statistics for the validation set and the statistics
for the training set.
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Figure 4.1.1 The validated model of duration. Correlation between duration values observed in the training
set (horizontal axis) and values predicted for the training set by the 16 predictors included in the validation
model (vertical axis). Note that unlike the observed values, predicted values can be negative.
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Figure 4.1.2 The validated model of duration. Correlation between duration values observed in the
validation set (horizontal axis) and values predicted for the validation set by the 16 predictors included in
the validation model (vertical axis). Note that unlike the observed values, predicted values can be negative.
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Two questions need to be asked at this point, and the answers to both can only be
tentative and orientational since there are few commonly agreed criteria against which
they can be evaluated. The first is how successful the validation is. As was mentioned in
chapter 2, Schwab (2006) suggests a difference of 0.05 or less between R2 of models
based on separate subsamples as a rule-of-thumb criterion of successful validation. This
criterion is based on constructing separate models for the two subsamples, which means
that regression coefficients are optimized for the given models. With the validation
technique employed here, regression coefficients are optimized only for the training set,
which means that the difference between the R2 values could be expected to be even
greater. In fact, it is 0.0414, i.e. it falls under the 0.05 criterion, suggesting that the
validation is successful. 1 This is also confirmed by the fact that the difference between
the RSE and “RSE” values is only 2.84. The residual standard error statistics estimate
prediction error in the units of the dependent variable, thus we can interpret it as
indicating that errors between obtained and predicted values in the validation set will tend
to be within 3 ms. of the same errors in the training set, which is not a big difference.

The other question is whether the model itself is successful. R2 values between 0.30360.345 indicate the proportion of the variance in the data explained by the model, and a
correlation coefficient R between 0.55-0.587. RSE values indicate that the typical
prediction errors are over 20 ms. All of these values indicate that the model is only

1

Interestingly, the statistic is larger for the validation set, which is somewhat surprising. Since the
validation set is smaller than the training set, it might be expected to be more susceptible to errors caused
by outliers in the data. See also footnote 2.
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moderately successful at best. This could indicate a number of problems. First, it could
reflect errors of the semi-automatic segmentation algorithm. Second, it could reflect the
impact of variables not included, including interactions between variables that are
included. Finally, it could reflect the presence of important outliers in the data.

While the other two answers cannot be neglected and will be addressed to the extent
possible further on in this chapter, the examination of figures 4.1.1 and 4.1.2 indicates
that the last answer is not without merit. The graphical relationship is in general much
stronger if only vowels under approximately 125 ms. are considered. While vowel tokens
with observed values beyond that value do tend to have predicted values in the top part of
the range, these rarely exceed 100 ms. The overall results appears to be that the
regression lines are pulled down. In other words, the regression lines in both figures
would be much steeper and data points would cluster around them more tightly if vowel
tokens with values over 125 ms. were not considered. This indicates that vowels that
could be called “super-long” in effect form a class of their own which is much less
susceptible to the influence of context than “regular-length” vowels. 2

To briefly test this effect, the AIC-stepwise search was conducted on the training set
excluding the 80 vowels whose duration exceeded 125 ms. The R2 value obtained was
substantially higher (0.4517, indicating a correlation coefficient R=0.65). The variables

2

Note that in the “super-long” vowels in the training set include some whose duration is over 300 ms.,
there are no such vowels in the validation set. This may account for the curious fact that predictions are
more accurate in the validation set, as mentioned in footnote 1.
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selected were in fact the same ones that were included in the final validated model, albeit
selected in a slightly different order. 3 Since there is no principled way of excluding
vowels over 125 ms. long, the remaining discussion in this chapter will be based on the
full data set model described in this section, but it has to be borne in mind that the
specific regression coefficients discussed below could be somehow different if only the
shorter vowels were considered. 4

4.2

Categorical regression

The 16 variables that were included in the validated model were used to construct a
categorical regression (CR) model of the training set, so that the relative contribution of
different variables could be meaningfully assessed by comparing regression coefficients
computed on a uniform standardized scale. The R2 of the categorical regression model
was 0.42, indicating correlation coefficient R=0.64. (It was thus substantially higher than
the values obtained by MLR). Table 4.2.1 summarizes the results, providing also
information about the usefulness of each variable calculated for the regular multiple

3

The order was: vowel, style, syllable position, clause-final, following segment manner, preceding segment
voicing, comparative intensity, speech rate, subject, preceding segment manner, prepausal, number of
following consonants, following segment place, following segment voicing, preceding segment place and
word content/function.
4
We could conceivably adopt the frequently-used method of ignoring tokens that fall beyond a specified
range from the mean on a standardized scale, e.g. 2 standard deviations. However, this would very likely
result in the elimination of a number of tokens on the low end on the scale. This would be an undesirable
result, as the relationship appears to be strong there.
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regression validated model, as discussed in the preceding section. 5 All values reported
are absolute, i.e. ignoring the sign.
Variable
vowel
speech rate
syllable position
clause final
following segment manner
style
preceding segment voicing
number of following consonants
comparative intensity
preceding segment manner
following segment place
preceding segment place
subject
following segment voicing
prepausal
word content/function

AIC rank
1
8
3
4
5
2
6
12
7
10
13
15
9
14
11
16

usefulness
0.065
0.007
0.034
0.014
0.010
0.040
0.005
0.004
0.009
0.004
0.005
0.004
0.006
0.003
0.005
0.002

b
0.339
0.238
0.220
0.151
0.150
0.116
0.109
0.107
0.105
0.101
0.094
0.089
0.085
0.079
0.078
0.071

0
0.337
0.295
0.278
0.175
0.159
0.214
0.171
0.003
0.171
0.171
0.073
0.042
0.062
0.093
0.176
0.061

partial
0.395
0.258
0.262
0.175
0.183
0.128
0.124
0.125
0.127
0.114
0.117
0.111
0.110
0.094
0.091
0.084

part
0.329
0.204
0.208
0.136
0.142
0.098
0.096
0.096
0.098
0.088
0.090
0.086
0.084
0.072
0.070
0.065

Table 4.2.1 Comparisons of MLR and categorical regression results, validated duration models of the
training set. AIC rank refers to the order of inclusion of the variables in the initial model of the training set
using the stepwise AIC algorithm (the AIC model). Usefulness refers to the drop in R2 of the MLR
validated model when a given variable is dropped. b is the categorical regression regression coefficient, 0 is
the categorical regression zero-order correlation coefficient, partial is the categorical regression partial
correlation coefficient and part is the categorical regression part (semipartial) coefficient. All values are
absolute.

In the first step, we will consider the question whether the MLR model and the
categorical regression model are truly equivalent. This can be done by comparing the
usefulness value of the MLR model with the square of the square of the part correlation
coefficient of the categorical regression model. Mathematically, usefulness is equal to the
squared part correlation coefficient. If the models are equivalent, the two values for the
same variables should be similar. They cannot be expected to be exactly the same, in
5

Recall that “usefulness” is a technical term in MLR referring to the amount by which the R2 value drops
when a given variable is dropped from the model.
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particular in the light of the higher R value of the categorical regression model, which can
be attributed to the fact that categorical regression rescales all the variables in order to
maximize the model fit. However, the relative values for different coefficients should be
similar. Figure 4.2.1 compares the two values in a chart form.
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Figure 4.2.1 Duration. Comparison of the MLR validated model of the training set (variable usefulness)
with the categorical regression model of the training set (squared part correlation, “part2”) built with the
same independent variables.

As can be seen, the relative values of MLR usefulness and CR squared partial coefficient
are matched fairly well, with two apparent exceptions. MLR places the variable style
much higher in the hierarchy than does CR; exactly the opposite is the case with the
variable speech rate. Of course, given the fact that in this study one of the levels of the
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variable style involved asking subjects to read as fast as possible, these two variables
must be to a certain extent correlated (cf. section 3.4). It appears that the two ways of
dealing with the categorical variable style – dummy coding in MLR and CR
quantification – provide a different estimate of the relative importance of this variable
vis-à-vis speech rate. It should be stressed that neither can be claimed to be more correct
than the other. MLR returned low correlation coefficients, but was validated on a separate
dataset; CR returned a better model fit, but was not validated. What this means is that the
extent to which the speech style effect on duration is independent of speech rate has to
remain somewhat indeterminate. This has to be borne in mind in the discussions that
follow in this chapter.

Figure 4.2.2 shows graphically the relative contribution of independent variables to
vowel duration estimated by the absolute values of the CR b-coefficients. The fact that
different vowels have different intrinsic lengths is well known (Noteboom and Slis 1970);
in this light, the fact that the greatest relative effect is that of the variable vowel is hardly
surprising. For obvious reasons, the high-ranking of the speech rate variable is also
unsurprising, subject to the caveat discussed in the immediately preceding paragraph. The
impact of syllable position in the word, whose effect is very similar in size to that
estimated for speech rate, can be accounted for to the extent that stressed vowels are
known to be longer than unstressed vowels both in Polish and cross-linguistically (Jassem
1962, Crystal and House 1988). Two other variables also stand clearly above the rest:
clause-final position of the phonological word and manner of the following segment.
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Bearing in mind findings for other languages, this is also unsurprising (Crystal and House
1988).
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Figure 4.2.2 Relative impact of predictors on duration, estimated from the regression coefficients (bcoefficients) of the CR validated model of the training set. The abbreviations used in this table were
defined in table 2.9.1 in chapter 2.

4.3

Individual variables (MLR)

In this section, we will proceed to analyze each validated effect in detail, using regression
coefficients for the individual dummy variables of the validated MLR model of the
training set. For the dummy variables (i.e. the individual levels of the categorical
variables) the MLR estimate can be interpreted directly as the amount in milliseconds
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that being in a certain category adds to or subtracts from its estimated duration. There is
no such obvious interpretation for continuous and categorical variables and in these cases
the discussion will be somewhat more complicated.

4.3.1

Intercept

The intercept of a MLR equation is the estimated value of the dependent variable when
all the regression coefficients equal 0. In the case of duration, this value is 14.2 ms. Given
the choice of reference levels for categorical variables (cf. table 2.10.4.1 in chapter 2),
this represents the vowel a spoken by speaker m1 when the contribution of all the other
variables equals 0. If all the variables were categorical and dummy-coded, this would
represent the situation in which all the variables are at their reference levels. However,
because the model includes continuous and ordinal variables, this is not the case. The
intercept value thus is a mathematical construct with no intrinsic meaning beyond the role
it plays in the regression equation. 6

4.3.2

Vowel

Figure 4.3.2.1 presents the MLR-estimated regression coefficients for the levels of the
variable vowel. The reference category is shown in capitals (in this case, the vowel a).
Levels that are significantly different from the reference level are marked.

6

See in particular the discussion of comparative intensity in section 4.3.10.
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o***

A

Figure 4.3.2.1 MLR-estimated effect of the individual levels of the variable vowel, in milliseconds, with a
as the reference category (shown in capitals). If applicable, the fact that the given level is statistically
significantly different from the reference level is shown ( '***' indicates p <0.001, '**' indicates p<0.01
and '*' indicates p< 0.05).

As can be seen, all the vowels are estimated to be significantly shorter than the vowel a,
and the difference ranges from approximately 8 ms. in the case of o to approximately 25
ms. in the case of y and i. As can be seen from comparing figure 4.3.2 with figure 3.1.2 in
chapter 3, the ranking of durational differences reflects almost perfectly the differences in
vowel height. (The only exception is that the vowel y, which is estimated to be the
shortest, is not the highest vowel). The fact that there is a correlation between vowel
height and vowel duration is not surprising. It was attested in other languages, although
its precise cause is unclear (cf. Noteboom and Slis 1970 and Ohala 1981). 7 However, it
also has to be remembered that the only differences that are tested for statistical

7

It may be worth pointing out that in their study of connected English speech, Crystal and House (1988)
were only able to confirm the correlation for the extremes of the scale (i.e. high vs. low vowels).
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significance in this model are these between a and all the other vowels individually, not
those between any other combinations of vowels.

4.3.3

Speech rate

The regression coefficient for the continuous variable speech rate estimated by the
validated MLR model was -0.93, statistically significant at p<0.0001. As was discussed
in chapter 2, speech rate varied between 1.8-10.8 syllables per second. This means that at
the lowest speech rate, 1.67 ms. (-0.93*1.8) would be subtracted from the predicted value
of the vowel, at the highest 10.04 ms. (-0.93*10.04). Thus the shift from the slowest to
the highest speech rate predicts a decrease in vowel length of 8.37 ms. (1.67-10.04). It
has to be remembered, however, that the MLR model estimated the contribution of
speech rate as much lower than the CR model, likely ascribing the effect instead to
speech style differences. Thus the true contribution of speech rate may, but does not have
to be, underestimated here. This has to be borne in mind in particular when the value
obtained is compared with the result seen in figure 4.2.2, which is based on categorical
regression.

It is of course not surprising that there is an inverse relationship between speech rate and
vowel duration. It is worth pointing out, however, that the causal underpinnings of this
relationship are not, strictly speaking, obvious. It is possible to conceive of an analysis
according to which speech rate is lowered by speakers deciding to produce longer and
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longer vowels (i.e. making non-vowels longer is not part of the speakers’ goal). The
statistical methods employed here simply cannot invalidate this hypothesis. We assume,
however, that it is more likely that speakers control the overall speech rate and when they
change it, vowel duration changes as well.

4.3.4

Syllable position

Figure 4.3.4.1 presents the MLR-estimated regression coefficients for the levels of the
variable syllable position. The reference category is shown in capitals (in this case, vowel
in the penultimate syllable of a non-monosyllabic word). Levels that are significantly
different from the reference level are marked.
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Figure 4.3.4.1 MLR-estimated effect of the individual levels of the variable syllable position, in
milliseconds, with penultimate syllable as the reference category (shown in capitals). If applicable, the fact
that the given level is statistically significantly different from the reference level is shown ( '***' indicates
p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05).
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It is a well-established fact that stressed vowels tend to be longer than unstressed ones
(e.g. Lehiste 1970, Jassem 1962 specifically for Polish). This appears to be confirmed by
the data in figure 4.3.4.1. As was discussed in section 3.15 in chapter 3, the vowels that
could be expected to carry lexical stress are those in non-clitic monosyllables and in
penultimate syllables of other words. As can be seen, vowel in all types of syllables are
predicted to be significantly different in duration from vowels in the penultimate position.
Since it is estimated that vowels in non-clitic monosyllables are predicted to be longer
than vowels in penultimate syllables, we can extrapolate that the former are also likely to
be significantly longer from all other vowels, which are predicted to be shorter. In other
words, it appears that all vowels which can be expected to carry primary lexical stress are
longer then those that cannot.

It is not surprising that the estimated difference between final vowels and penultimate
vowels is very small (3 ms.). In fact in a more limited dataset, Jassem (1962) found no
difference between these two types of vowels, which may reflect the more general
phenomenon of domain-final lengthening (Wightman et al. 1992). 8 He did find, however,
a difference in length between vowels in penultimate syllables and in non-final, lexically
unstressed syllables.

Two more interesting observations can be made. First, vowels in lexically unstressed
syllables are predicted to be more and more shortened the further they are from the right
8

That is, the vowel is longer word-finally than could be expected on the basis of its stress status alone. Cf.
also sections 4.3.5 and 4.3.16.
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edge of the word. (This difference is quite large even when antepenultimate syllables are
considered, i.e. 13.2 ms.) Second, vowels in clitics are longer than non-word-final
unstressed vowels. This perhaps reflects the special status of the clitic domains as more
than regular unstressed syllables but less then full words, although in the case of enclitics
domain-final lengthening could also have played a role (with phonological word being
the domain in question). It must be borne in mind, however, that for this model only
differences between vowels in penultimate syllables and vowels in other syllables have
been tested for statistical significance, and not the entire ranking.

4.3.5

Clause-final phonological word

Vowels appearing in clause-final phonological words were estimated to be 8.3 ms. longer
than those that in other phonological words. There are two possible approaches to
explaining this effect. On the one hand, it could be a reflection of the cross-linguistically
common phenomenon of domain-final lengthening (Wightman et al. 1992). On the other,
vowels in clause-final phonological words could be longer due to their greater
information value in a typically SVO language such as Polish (cf. section 3.20).

On the former account, but not necessarily the latter, we could expect that more strictly
domain-final vowels could be lengthened more. This can be analyzed as an interaction
between syllable position in the word and clause-finality of the phonological word. To
estimate this, the original variables syllable position and clause-final phonological word
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were dropped from the model and new dummy variables introduced, corresponding to
each combination of the levels of these two variables except for penultimate syllables in
non-clause-final words, which served as the reference variable. 9 We would expect to find
that vowels in final syllables, enclitics and monosyllables, all of them from clause-final
phonological words, are longer than the reference level. 10 This was in fact largely
confirmed. Vowels in final syllables and monosyllables of clause-final phonological
words were estimated to be longer than penultimate syllables in non-clause-final
phonological words (by 8.2 and 26 ms., respectively, both significant with p<0.0001).
Vowels in enclitics in clause-final phonological words were also found to be longer than
the reference level, by 6.7 ms., but this effect was not significant. Most other categories
displayed differences that were either negligible, or in the opposite direction. However,
penultimate syllables in clause-final phonological words were significantly longer than
those in non-clause-final phonological words (by 14.4 ms. at p<0.0001). This indicates
that either the effect of domain-final lengthening does apply to more than just the
immediately domain-final vowels, or it could illustrate the information-value driven
effect.

9

Such variables could also be added without dropping the original variables, but the results become very
difficult to interpret in such a case, as estimations for the original variables are also changed. The procedure
chosen is not inappropriate, as in fact what we are looking for is not a true interaction effect (extra
contribution beyond the contributions of the original variables) but rather more fine-grained specification of
the variables, in particular the variable clause-final.
10
Vowels in enclitics in clause-final phonological words are necessarily adjacent to the clause boundary.
Vowels in monosyllables and final syllables in clause-final phonological words are adjacent to the clause
boundary only if no enclitics follow; however, this is enough to set them apart from all the other vowels,
which may never be adjacent to a clause-final boundary.
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4.3.6

Following segment manner

Figure 4.3.6.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked.
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Figure 4.3.6.1 MLR-estimated effect of the individual levels of the variable following segment manner, in
milliseconds, with stop as the reference category (shown in capitals). If applicable, the fact that the given
level is statistically significantly different from the reference level is shown ( '***' indicates p <0.001, '**'
indicates p<0.01 and '*' indicates p< 0.05).

Vowels were found to be significantly shorter before stops than before consonants of all
other manner categories. The small but significant differences between vowels preceding
stops and vowels preceding nasals and affricates are somewhat surprising. Otherwise, the
generalization may be that vowels are longer before segments with smaller degree of oral
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constriction. This may be a genuine effect, but it may also be an effect of the amplitudebased segmentation criteria used in this work. Smaller oral constriction can be generally
expected to correlate with more gradual amplitude loss between the vowel and the
consonant, which could lead to a greater part of the vowel-consonant transition being
assigned to the vowel.

4.3.7

Speech style

Figure 4.3.7.1 presents the MLR-estimated regression coefficients for the levels of the
variable speech style. The reference category is shown in capitals (in this case, normal
reading style). Levels that are significantly different from the reference level are marked.
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Figure 4.3.7.1 MLR-estimated effect of the individual levels of the variable speech style, in milliseconds,
with normal reading as the reference category (shown in capitals). If applicable, the fact that the given
level is statistically significantly different from the reference level is shown ( '***' indicates p <0.001, '**'
indicates p<0.01 and '*' indicates p< 0.05).
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Both the fast reading style and the narrative style are significantly different from the
normal reading style. Given that these differences point in the opposite directions, it can
also be inferred that they are likely to be significantly different from each other. Vowels
in the fast reading style are predicted to be much shorter than vowels in the other two
styles. Within this model, this is an effect that is independent of speech rate. It should be
remembered at this point, however, that the categorical regression model appeared to
ascribe the MLR-estimated speech style effect more to speech rate. Vowels in the
narrative style are predicted to be somehow longer than vowels in the normal reading
style. This effect is also independent of speech rate. This fact can be appreciated by
considering figure 3.4.1 in chapter 3. We see there that three of the four speakers used the
same speech rate in both styles, while one subject had in fact a lower speech rate in the
normal reading condition.

4.3.8

Preceding segment voicing

Vowels were found to be significantly longer after voiced consonants (by 5.7 ms.,
p<0.0001). The source of this effect is unclear. One important possibility is that this is an
artifact of the measurement techniques used. The semi-automatic segmentation algorithm
we employed tended to insert boundaries after the bursts of voiced stops, but at the
beginning of voicing of voiceless stops. Any period of aspiration after voiceless stops
was assigned to the consonant rather than the vowel; consequently, the duration of
vowels after voiceless stops may have been underestimated. It is interesting to note that
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Crystal and House (1988a) found that in English vowels are shorter after phonologically
voiceless (i.e. aspirated) stops. That result may have exactly the same source as ours.

4.3.9

Number of following consonants

The MLR validated model estimated the regression coefficient for the ordinal variable
number of following consonants at -3.56, significant at p<0.0001. As was discussed in
the preceding chapter, between 0-3 consonants followed vowels before another vowel in
the same word. This indicates that the contribution of this variable varied between 0 ms.
(-3.56*0) and -10.7 ms. (-3.56*3). In other words, vowels followed by three consonants
(most likely to indicate a closed syllable) can be estimated to be 10.7 ms. shorter than
vowels followed by no consonants (certainly an open syllable). The effect is not entirely
surprising, since vowels have been found to be longer in open syllables in other
languages (e.g. Navarro Tomás 1916, Maddieson 1985). However, it is worth pointing
out that Jassem (1962) claimed that there is no such effect in Polish.

4.3.10 Comparative intensity

The MLR validated model estimated the regression coefficient for the continuous
variable comparative intensity at 53.56, significant at p<0.0001. As was discussed in the
preceding chapter, comparative intensity varied between 0.752-1.38. This indicates that
the contribution of this variable varied between 40.27 ms. (53.56*0.752) and 73.91 ms.
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(53.56*1.38). 11 In other words, the vowel with the highest comparative intensity was
estimated to be 33.64 ms. longer than the vowel with the lowest comparative intensity.

Unlike the other independent variables considered, comparative intensity cannot be
thought as a cause of duration variation. If anything, the causal relationship may be the
reverse: in longer vowels, there may be more time to achieve a greater opening of the
vocal tract, which should correlate with higher comparative intensity. However, another
possibility is that the contribution of the comparative intensity to the estimated duration
score reflects the correlation of comparative intensity with a different variable which is
not directly represented among the independent variables. One candidate is “non-lexical
stress”, e.g. sentential accent and other kinds of emphasis. (In section 3.5 of chapter 3 we
suggested that the potential effect of comparative intensity may be partially due to its
correlation with syllable position, i.e. lexical stress. However, the regression coefficients
reported here reflect the unique contribution of the variable, separate from that of the
syllable position effect). 12

11

Recall that this is added to the intercept value of 14.2 ms., which is estimated using the unrealistic value
of 0 for comparative intensity. As Ian Maddieson points out (p.c.), this result indicates that the intensity
variable attracted to itself a considerable part of inherent vowel duration.
12
One way to appreciate the difference is to examine the figures in table 4.2.1. The zero-order correlation
coefficient of the comparative intensity variable, which is calculated without controlling for the other
independent variables, is substantially higher than its regression coefficient (b).
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4.3.11 Preceding segment manner

Figure 4.3.11.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked.

6
5
4
3
2
1
0
-1
-2
-3
-4
-5
lat.

fric.

trill

STOP

aff.

app.

nasal**

Figure 4.3.11.1 MLR-estimated effect of the individual levels of the variable preceding segment manner,
in milliseconds, with stop as the reference category (shown in capitals). If applicable, the fact that the given
level is statistically significantly different from the reference level is shown ( '***' indicates p <0.001, '**'
indicates p<0.01 and '*' indicates p< 0.05).

As can be seen, the differences attributable to the manner of the preceding consonant are
small and do not form a clear pattern. In fact, the only difference that is statistically
confirmed is between stops and nasals (5 ms.). Why there should be an effect like this is
unclear. It may reflect properties of the semi-automatic intensity-based segmentation
algorithm employed. Even though both stops and nasals involve a rapid oral closure, their
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effects on the intensity contour are not the same; transitions between nasals and vowels
are much more gradual (and thus the boundary is more difficult to locate with precision).

4.3.12 Following segment place

Figure 4.3.12.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment place. The reference category is shown in capitals (in this
case, dental). Levels that are significantly different from the reference level are marked.

1
0
-1
-2
-3
-4
-5
-6
-7
lab.***

palzd.

pal.

velar

DENT.

alv.

alveop.

Figure 4.3.12.1 MLR-estimated effect of the individual levels of the variable following segment place, in
milliseconds, with dental as the reference category (shown in capitals). If applicable, the fact that the given
level is statistically significantly different from the reference level is shown ( '***' indicates p <0.001, '**'
indicates p<0.01 and '*' indicates p< 0.05).

The only difference induced by following segment place that is statistically significant is
between labials and the reference category, dentals (6.1 ms.) This is a somewhat puzzling
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result, as vowels have been found to be longer before bilabials in English (Crystal and
House 1988), Palatalized and palatal consonants also condition somewhat shorter vowels,
though not significantly so. If that effect was confirmed by with a larger sample of
following palatals and palatalized consonants, it could perhaps reflect the fact that these
consonants tend to have long transitions. Palatal transitions involve fairly close oral
constriction, which entails lowered amplitude. As a result, the amplitude-based
segmentation algorithm may have attributed the transition to the consonant rather than to
the vowel. On the other hand, it is worth pointing out that most palatalized consonants are
palatalized labials and that vowels before alveopalatals are not shorter than before
dentals.

4.3.13 Preceding segment place

Figure 4.3.13.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment place. The reference category is shown in capitals (in this
case, dental). Levels that are significantly different from the reference level are marked.
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velar

DENT.
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Figure 4.3.13.1 MLR-estimated effect (in milliseconds) of the individual levels of the variable preceding
segment place, in milliseconds, with dental as the reference category (shown in capitals). If applicable, the
fact that the given level is statistically significantly different from the reference level is shown ( '***'
indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05).

When alveolars, alveopalatals and palatalized segments precede, they condition vowels to
be significantly longer than they are after dentals. For the last two groups, it could be
argued that the long palatal transitions need accommodation by increased vowel length,
but this explanation cannot be easily extended to alveolars. What is more, vowels are
actually shorter after palatal segments. This is genuinely puzzling and the effect of
preceding segment place remains unexplained. It should also be noted that the place
effects on duration are different when the following consonant is considered (cf. section
4.3.12).
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4.3.14 Subject

Figure 4.3.14.1 presents the MLR-estimated regression coefficients for the levels of the
variable subject. The reference category is shown in capitals (in this case, subject m1).
Levels that are significantly different from the reference level are marked.
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5
4
3
2
1
0
M1

w1

m2*

w2***

Figure 4.3.14.1 MLR-estimated effect of the individual levels of the variable subject, in milliseconds, with
m1 as the reference category (shown in capitals). If applicable, the fact that the given level is statistically
significantly different from the reference level is shown ( '***' indicates p <0.001, '**' indicates p<0.01
and '*' indicates p< 0.05

Figure 3.3.14.1 indicates that subjects m2 and w2 have significantly longer vowels than
subject m1 (by 2.4 and 5.8 ms.) This effect is of little linguistic interest and most likely
reflects the subjects’ idiosyncrasies. 13 It does not seem that it can be ascribed to any

13

Alternatively, it may reflect different speaker-dependent errors of the segmentation algorithm.
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known dialectal difference and it obviously does not reflect gender differences, since it is
not aligned with gender differences among the subjects.

4.3.15 Following segment voicing

Vowels were found to be significantly longer before voiced consonants (by 4.5 ms.,
p<0.0001). This type of effect is well attested in many languages, including English (cf.
Crystal and House 1988). Lehiste (1977) claimed that it reflects the tendency for
isochrony in VC groups, since voiced consonants tend to be shorter than voiceless
consonants. Since consonant duration was not measured in this work, this claim cannot
be verified here.

4.3.16 Prepausal phonological word

Vowels were found to be significantly longer in prepausal phonological words (by 6.7
ms., p<0.0001). Problems with the interpretation of this effect parallel those raised by the
clause-final effect (cf. 4.3.5). To the extent that pauses coincide with prosodic
boundaries, the effect could be attributed to the phenomenon of domain-final lengthening
(Wightman et al. 1992). Thus in this case also we would predict that vowels that are most
likely to be immediately prepausal (vowels in monosyllables, word-final syllables and
enclitics) will be lengthened more.
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To test this possibility the same method was employed as in section 4.3.5. The original
variables prepausal and syllable position were dropped from the model. Instead, dummy
variables were added representing each combination of the levels of these two variables,
except for penultimate syllable in non-prepausal phonological words (the reference
level). The results closely paralleled those obtained for the similar investigation of the
clause-final variable. Vowels in prepausal monosyllables were significantly longer than
vowels in non-prepausal penultimate syllables (by 29.6 ms.). Vowels in prepausal
enclitics and prepausal final syllables were also longer than the reference level, albeit not
significantly so 14 (in both cases by approximately 5.7 ms.). In addition, other unstressed
vowels in prepausal words were actually significantly shorter than non-prepausal
penultimates. This suggests that the prepausal lengthening effect is concentrated in the
immediately prepausal syllables, which gives some support to the analysis in terms of
domain-final lengthening effect. However, it needs to be pointed out that this is not the
whole story: vowels in prepausal penultimate syllables were also significantly longer than
vowels in non-prepausal penultimates, by 10.9 ms. (Recall that vowels in clause-final
penultimates were also significantly longer than in non-clause-final penultimates). It
appears then that the prepausal lengthening effect affects more than the immediately
prepausal syllables; this could be analyzed either as a feature of the domain-final
lengthening effect, or as suggesting that information value affects vowel length (given
that prepausal words, likely to be clause-final, are more likely to carry new information).

14

The difference for the latter category was actually significant at p<0.1, but this is below the lowest
commonly accepted significance level.
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It does not seem possible to distinguish between these two hypotheses given the current
data.

4.3.17 Word content/function status

Vowels were found to be significantly longer in content words (by 4.5 ms., p<0.001).
This effect is not surprising and it is likely to reflect the lower predictability, and thus
higher information value, of content words vis-à-vis function words (cf. Jurafsky et al.
2001).

4.3.18 Possible interaction effects

It is likely that the accuracy of the MLR model would improve if interaction effects were
considered. For instance, Crystal and House (1988) found that in running English speech,
vowels are lengthened before voiced consonants only in the prepausal condition. We
have found evidence for both an independent prepausal lengthening effect and
lengthening before voiced consonants, but in the light of their findings, it could be the
case that vowels in prepausal phonological words are lengthened before voiced
consonants to a greater degree than they are before voiceless consonants. We could also
conceivably discover that durational effects differ before or after different combinations
of voicing, place and manner (though Crystal and House (1988) did not confirm such
effects in their data).
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However, when a model includes 21 predictors, as is the case here, the number of
potential interactions is huge. Even if we restrict them to those whose inclusion has sound
theoretical motivation, adding interaction terms complicates the interpretation of main
effects and their makes significance difficult to assess. This is particularly true for
categorical variables, since new dummy variables have to be created for each
combination of levels (except for the reference level for the interaction term). Adding
many new variables poses the risk of artificially inflating the R2 statistic without a
genuine increase in the explanatory accuracy of the model. Since the examination of
duration is not the main focus of this study, we will refrain from considering interaction
effects here, 15 but we will discuss them in our analysis of formant variability in the
subsequent chapters.

4.4

Conclusions

Although the overall accuracy of the duration models presented here is not very high
when the R2 and RSE criteria are considered, the detailed examination of individual
variables shows that they did capture the major contextual effects on vowel duration that
have been observed in other languages. Most importantly, both MLR and CR confirmed
strong effects of vowel height, speech rate, lexical stress, clause-final/prepausal position,
speech style and syllable shape (as represented by the number of following consonants).
In addition, a strong effect of comparative intensity was discovered, which likely reflects
15

The only exception are the considerations of interaction effects discussed in the sections on the clausefinal phonological word effect (4.3.5) and the prepausal effect (4.3.16).
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the impact of non-lexical accent on vowel duration. Furthermore, we have found minor
but significant effects of preceding segment voicing, following segment voicing and
place, and the content/function status of the word. In all of these cases, the findings are in
agreement with what could be expected on theoretical grounds, on the basis of previous
findings in other languages, or both.

The potential problems are of three types. First, there is the variance that the model failed
to explain. This can reflect variables not considered (including interactions),
measurement errors, genuine random variability in the data and, most likely, a
combination of all three. Second, we found minor but significant effects which could not
be fully accounted for, namely the impact of preceding and following segment manner
and preceding segment place. These remain mysterious. Finally, we have not found
evidence for two effects that have been seen in other languages: decrease in vowel
duration as the length of the phonological word increases (Moon and Lindblom 1994)
and the word frequency effect (Jurafsky et al. 2001, Gahl 2006). This is of course only a
potential problem, because the fact that certain languages exhibit a certain effect does not
guarantee that the same is the case in Polish

The last type of problem can in fact be due to the strictness of the validation criteria used.
As can be seen from table 4.1.1, both word frequency and phonological word size were
actually selected by the AIC criterion. When the original AIC model is considered, their
effect was minuscule, but in the expected direction. Vowel duration was estimated to
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decrease by approximately 1 ms. per every additional syllable in the phonological word
and by 1.3 ms. per an increase in word frequency of 100,000. The fact that these two
variables failed to pass validation may reflect the fact that these effects were not genuine,
but may also be a function of the smaller size of the validation set.

It seems that the advantages of the validated model of duration outweigh its problems.
Bearing in mind in particular the fact that even small effects were confirmed (e.g. the 4.5
ms. difference in vowel duration between content and function words), we take it to
indicate that the semi-automatic segmentation algorithm employed in this work turned
out to be fairly accurate. This in turn suggests that when in the following chapters we
discover independent effects of predictors that are correlated with vowel duration (e.g.
speech style and lexical stress) we can be reasonably certain that we are dealing with a
genuine effect and not an effect that could be explained by duration if more precise
segmentation were used. This does not mean, of course, that we will not attempt to
exercise extreme caution when we consider the effects on vowel formants that will be
found by the models discussed in the upcoming chapters.
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5

First formant

In this chapter, we will present statistical models accounting for the variability of the first
formant in our dataset. In our presentation, we will follow the statistical methodology
explained in detail in chapter 2 and exemplified in our analysis of duration in chapter 4.
Automatic Akaike Information Criterion search through predictor space will be
conducted to select the optimal combination of independent variables. The regression
coefficients obtained on a training set will be used to predict values for the validation set
and variables which do not maximize the predictive power of the model will be dropped.
The remaining variables will be used to construct a validated model on the training set.
Regression coefficients obtained there will be used to investigate the effect of individual
predictors in detail. In addition, we will use the same combination of variables to
construct a categorical regression model of the data and assess in a more general way the
relative impact of predictors.

Raw vowel formant scores cannot be analyzed directly in the same way raw duration
scores can. Different speakers have different vocal tracts and, as a result, different vowel
spaces (see figure 3.2.1 in chapter 3). Employing raw formant frequency scores in a
regression analysis would result in highly significant results for the variable subject,
which could obscure the role played by other, more linguistically interesting variables.
For this reason, in our analysis of formant variability we will use standardized scores (see
section 5.1 for details).
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Another problem posed by formant variability analysis is that all vowels cannot be easily
considered together. This is because some kinds of vowel reduction result in ostensible
vowel space centralization (see, for instance, figure 3.4.2). If this is a real effect, it could
not be captured by one general model applied to one formant: the effects of the lowering
of high vowels and the raising of low vowels (or of the fronting of back vowels and the
backing of front vowels) would essentially cancel each other out. For this reason, in this
chapter we will construct three different models for the vowels of different heights (and
three different models for the different degrees of vowel frontness in the analysis of the
second formant in the following chapter). We will then compare the models in order to
consider the patterns of first formant change in a more general way.

That said, the analysis of vowel reduction effects in the F1 domain is facilitated by the
fact that consonants at the places of articulation we are considering here can be expected
to have relatively uniform effects on the formants of different vowels. According to the
perturbation theory of vowel acoustics, originally proposed by Chiba and Kajiyama
(1941), a constriction at or near a velocity antinode (a point of maximum velocity and
minimum pressure) of a natural resonance of the vocal tract lowers that resonance, while
a constriction at or near a velocity node (a point of minimum velocity and maximum
pressure) raises it. As shown in figure 5.1, the lowest natural resonance of the vocal tract
(first formant) has an antinode at the lips and a node at the glottis. As can be seen, all the
places of articulation that are relevant to Polish (labial through velar) are located closer to
the lips than the glottis, i.e. closer to the velocity antinode. Accordingly, they can be
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expected to lower the first formant. In perhaps simpler terms, it can be said that the
“narrowing of the area function in the anterior half of the vocal tract (…) causes the firstformant frequency to decrease” (Stevens 1997:473).

Glottis

Velum

Palate

Lips

Figure 5.1 Locations of the velocity antinode (where the two sine waves are the furthest apart) and the
velocity node (indicated by the intersections of the sine waves) in the first natural resonance of the vocal
tract (F1). Based on Johnson’s (2003: 109) adaptation of Chiba and Kajiyama’s (1941) illustrations and on
Ohala (2001).

In addition to considering the general effect, in the discussion of each of our models we
will approach the question of potentially important interaction effects. Not all such
effects can be considered: with twenty-two independent variables, even the first order
interactions are numerous (231). We will focus primarily on interactions involving the
key factors of the undershoot model of vowel reduction, i.e. duration and place. We will
also consider potentially significant interactions involving other predictors that will turn
out to have strong main effects. To analyze interactions, we will in each case add the
interaction terms to the validated model to find out whether doing so significantly

166
increases R2 in the training set. However, we will only accept the interaction effect as a
real effect and analyze it in detail if it is validated, i.e. if it is found to increase the
predictive power of the model when tested on the validation set. This will be verified by
recalculating “R2” of the validation set for each significant interaction.

Throughout the chapter, we will loosely describe vowels as less or more reduced, where
“more reduced” refers to increased influence of contextual factors. In other words,
vowels will be taken to be “less reduced” when they appear to approach more closely
their idealized target values. At the end of each section devoted to the three vowel
classes, we will attempt to make these notions more precise.

5.1

Standardization

The F1 data were standardized for each intersection of the levels of the variables subject
and vowel. That is to say, the entire dataset was divided into groups representing a single
vowel phoneme spoken by a single speaker (twenty-four in total, since there were four
speakers and six vowel phonemes). For each of these groups, the mean was calculated. It
was then subtracted from each individual score, and the results were divided by the
standard deviation for each group. The end product of this procedure are z-scores, which
express the magnitude (in standard deviations) and the direction (by the sign) of the
difference between a given result and the mean for the given group. For each group, the
mean of z-scores is 0, and the standard deviation is 1.
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The standardization procedure described above effectively eliminates differences
between subjects that are due to their vocal tract sizes. Were the variable subject still to
be found significant, this would indicate that the variability of vowels differs between
speakers, i.e. that they used different vowel reduction strategies.

Table 5.1.1 presents the mean F1 values and standard deviations for each vowel of each
subject that were used to standardize the scores. It also shows the mean standard
deviations for each vowel (calculated by averaging the standard deviations of individual
subjects).

vowel
i
y
u
e
o
a

m1
mean
326
406
403
449
527
601

sd
39
40
37
66
68
78

m2
mean
362
428
439
511
532
624

sd
42
43
48
54
51
46

w1
mean
384
484
517
537
601
707

sd
48
60
58
83
82
78

w2
mean
377
420
433
476
515
628

average sd
sd
63
49
47
62
68
101

48
48
48
66
67
76

Table 5.1.1 F1 means and standard deviations for individual subjects’ individual vowels, used to
standardize the data, as well as mean standard deviations for each vowel (averages of the subjects’ standard
deviations). All values are in Hertz.

It is worth pointing out that the three high vowels i, y and u have identical mean standard
deviations and that the mid vowels e and o also pattern together in this respect. This
suggests that they constitute genuine natural classes, although this way of calculating
average standard deviations admittedly glosses over intra-speaker variability within each
vowel category which can be seen in the data in table 5.1.1.
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In the discussions that follow, we will be referring primarily to z-scores. However, in
order to make it easier to directly assess the scope of a given effect in real terms, we will
also informally reconvert z-scores to scores in Hertz, using average standard deviations
for each class of vowels, calculated by averaging the average standard deviations for each
vowel. These values are 48 Hz for the high vowels i, y and u, 66.5 Hz for the mid vowels
e and o and 76 Hz for the low vowel a. Thus, we might say that a given variable lowers
the F1 of high vowels by 1 standard deviation (sd), i.e. approximately 48 Hz. It has to be
remembered that this last value will always be only an approximation, as in reality, due to
the inter-speaker differences, one standard deviation does not mean exactly the same
thing for different vowels of different subjects.

5.2

High vowels

High vowels have inherently low values of the first formant, and in general it is expected
that vowel reduction will result in raising its value, i.e. in lowering the vowels in the twodimensional vowel space. The prediction is somewhat less clear when consonantal
influences are considered, since consonants of all the places of articulation relevant to our
study involve constrictions that lower the first resonance of the vocal tract.
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5.2.1

Selecting the model

There were 1165 high vowels i, y and u in the entire dataset (see section 3.1 for a detailed
breakdown). Following the procedures outlined in chapters 2 and 4, they were randomly
divided into a training set, comprising 75% of tokens (874) and a validation set,
comprising 25% of tokens (291). The training set was used to select an optimal
combination of variables, using a bidirectional automatic search algorithm employing the
Akaike Information Criterion. Of the twenty-two independent variables considered,
twelve were selected into the model. They were then used to predict normalized F1
scores for vowel tokens in the validation set and “R2” was calculated. Predictors were
then dropped one-by-one in the order that reversed the order in which they were selected
by the AIC procedure, and “R2” was recalculated. It was found to be maximized when
five more variables were dropped from the model. Accordingly, the remaining 7
independent variables were used to construct a validated model of the training set.

Table 5.2.1.1 shows the independent variables considered, listed in their order of
inclusion in the AIC-based model as well as “R2” values resulting from dropping the
given variable and all lower-ranked variables from the model, with variables included in
the validated model appearing above the thick line. Table 5.2.1.2 compares the statistical
data of the validated model of the training set with the predictions for the validation set
obtained using the same independent variables and the same regression coefficients.
Figures 5.2.1.1 and 5.2.1.2 show the correlations between predicted and obtained values
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of the dependent variable in the training set and the validation set, respectively, providing
a graphical illustration of the strength of the relationship.

It should be noted that the variable vowel was not selected by the AIC search procedure,
indicating that there are no important differences in the formant variability of the three
different high vowels. In other words, with respect to vowel reduction they appear to
behave like a true natural class. It will be shown later in the chapter that some differences
between the vowels can nonetheless be discovered through the examination of interaction
effects.
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Independent variable
following segment manner
preceding segment manner
comparative intensity
preceding segment place
following segment place
speech rate
prepausal phonological word

AIC rank
1
2
3
4
5
6
7

“R2”
n/a
0.1290
0.2466
0.2771
0.2686
0.2896
0.2920

syllable content/function
word content/function
phonological word size
number of following consonants
clause-initial phonological word
full AIC model
preceding segment voicing
vowel
word frequency
duration
following segment voicing
clause-final phonological word
postpausal phonological word
speech style
subject
syllable position

8
9
10
11
12
n/a
not selected
not selected
not selected
not selected
not selected
not selected
not selected
not selected
not selected
not selected

0.2977
0.2829
0.2852
0.2875
0.2789
0.2794
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Table 5.2.1.1 Variable selection for F1 high vowels model. AIC rank refers to the order of inclusion of the
variables in the initial model of the training set using the stepwise AIC algorithm (the AIC model). “R2” is
the correlation between the predicted and the obtained scores in the validation set obtained by dropping the
independent variable listed in the same line and all independent variables with a lower AIC rank. The
maximum “R2” is shown in bold and the bold line separates independent variables included in the validated
model (above the line) from the ones that were not included (below the line).
Statistic
Value
Difference

R2
.279
.019

“R2”
.298

RSE
.823
-0.038

“RSE”
.785

Table 5.2.1.2 F1 in high vowels. Comparison of the key statistics of the validated model of the training set
and its predictions for the validation set. R2 = squared multiple correlation coefficient of the validated
model of the training set; “R2” = squared correlation coefficient between observed values of F1 in the
validation set and values predicted by the validated model of the training set. RSE = residual standard error
of the validated model of the training set; “RSE” = standard deviation of the differences between values
observed in the validation set and values predicted for the validation set by the validated model of the
training set. Difference indicates the difference between the statistics for the validation set and the statistics
for the training set.
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Figure 5.2.1.1 The validated model of F1 of high vowels. Correlation between F1 values observed in the
training set (horizontal axis) and values predicted for the training set by the 7 predictors included in the
validated model (vertical axis). All units are standard deviations.
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Figure 5.2.1.2 The validated model of F1 of high vowels. Correlation between F1n values observed in the
validation set (horizontal axis) and values predicted for the validation set by the 7 predictors included in the
validated model (vertical axis). All units are standard deviations.
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As can be seen from the data in table 5.2.1.2, the validation of the model has been rather
successful: differences between the equivalent key statistics of the training set and the
validation set are small. This indicates that regression coefficients optimized for the
training set fit equally well the subset of data that is contained in the validation set.

However, the overall predictive power of the model is limited, with less than one-third of
variance accounted for and Pearson’s correlation coefficient R equal to 0.528-0.546,
indicating only a low-to-moderate relationship between the dependent variable and the
set of predictors. As can be seen from figures 5.2.1.1 and 5.2.1.2, this is not due to the
fact that the regression equation does not work equally well for the entire data range.
(These figures should be compared with figures 4.1.1 and 4.1.2 in the preceding chapter,
where it was clear that the relationship between vowel duration and its predictors was
much stronger in one subset of the data). The weak performance of the model requires a
different explanation and we will consider the possibilities further on in this chapter.

It is worth pointing out at this point that the F1 model of high vowels will turn out to be
by far the least accurate statistical model considered in this work.

5.2.2

Categorical regression

The 7 variables that were included in the validated model were used to construct a
categorical regression (CR) model of the training set, so that the relative contribution of
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different variables could be meaningfully assessed by comparing regression coefficients
computed on a uniform standardized scale. The R2 of the categorical regression model
was 0.2905, indicating correlation coefficient R=0.539. The key statistics were thus very
similar to the values obtained by MLR. Table 5.2.2.1 summarizes the results, providing
also information about the usefulness of each variable calculated for the regular multiple
regression validated model, as discussed in the preceding section. All values reported are
absolute, i.e. ignoring the sign.

Variable
following segment manner
preceding segment manner
preceding segment place
following segment place
comparative intensity
prepausal
speech rate

AIC rank
1
2
4
5
3
7
6

usefulness
0.0976
0.0869
0.0200
0.0153
0.0122
0.0064
0.0038

b

0
0.3476
0.3428
0.1895
0.1520
0.1182
0.0885
0.0630

0.3693
0.2883
0.0307
0.1531
0.1814
0.0900
0.0754

partial
0.3748
0.3480
0.1992
0.1754
0.1360
0.1031
0.0732

part
0.3405
0.3126
0.1712
0.1501
0.1157
0.0873
0.0618

Table 5.2.2.1 Comparisons of MLR and categorical regression results, validated F1 high vowel models of
the training set. AIC rank refers to the order of inclusion of the variables in the initial model of the training
set using the stepwise AIC algorithm (the AIC model). Usefulness refers to the drop in R2 of the MLR
validated model when a given variable is dropped. b is the categorical regression regression coefficient, 0 is
the categorical regression zero-order correlation coefficient, partial is the categorical regression partial
correlation coefficient and part is the categorical regression part (semipartial) coefficient. All values are
absolute.

Figure 5.2.2.1 compares the usefulness of predictors, as estimated by MLR, with their
squared semipartial coefficients, as estimated by categorical regression. As can be seen,
the values are similar, in particular if their relative values are considered. This indicates
that in this case, multiple linear regression and categorical regression are closely matched
and we are justified in treating the results obtained by both of these techniques as
equivalent.
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Figure 5.2.2.1 F1 of high vowels. Comparison of the MLR validated model of the training set (variable
usefulness) with the categorical regression model of the training set (squared part correlation, “part2”) built
with the same independent variables.

Figure 5.2.2.2 shows graphically the relative contribution of independent variables to F1
of high vowels estimated by the absolute values of the CR regression coefficients. The
manner variables emerge as far stronger than the place variables, but the fact that the four
manner and place related variables emerge on top is hardly surprising. The other three
variables in the model – comparative intensity, prepausal phonological word, and speech
rate – are not entirely unexpected, although their role cannot be adequately assessed until
we consider them in detail in the following section. What is surprising from the point of
view of the undershoot model of vowel reduction is that vowel duration was not found to
be an important predictor of vowel reduction.
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Figure 5.2.2.2 Relative impact of predictors on F1 of high vowels, estimated from the regression
coefficients (b-coefficients) of the CR validated model of the training set. The abbreviations used in this
table were defined in table 2.9.1 in chapter 2.

5.2.3

Individual predictors (MLR)

In this section, we will consider the impact of individual predictors in detail. The basic
information will be provided in standard deviations, however, we will also provide Hertz
estimates, obtained using the average standard deviation of high vowels (48 Hz). As was
explained in section 5.1, such values need to be treated with great caution, as they may
gloss over significant inter-speaker and inter-vowel variability.
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All possible first-order interactions between the place and segment variables on the one
hand and comparative intensity and speech rate on the other were examined. None of
them significantly increased model fit. In addition, we considered interactions between
the place and manner variables and duration, since the fact that this variable was not
selected into the model could not be taken to mean definitely that it plays no role in the
variability of the first formant of high vowels. Only the interaction between duration and
following segment place significantly improved model fit (increase in R2 by 0.0169), but
it did not improve prediction (drop in “R2” by 0.0077). All the other interactions of place
and manner variables with duration failed to significantly improve model fit. Finally, we
considered the interactions of place and manner variables with the vowel variable, which
also was not selected into the validated model, but could potentially be important through
interaction with other variables. Two of the four interactions did significantly improve
both model fit and prediction and are discussed in the relevant sections.

5.2.3.1 Intercept

The intercept of the MLR equation was -2.55. In other words, a high vowel was predicted
to have an F1 lower by 2.55 standard deviations (122 Hz) from its mean value when the
contribution of all variables was equal to 0. As was explained in section 4.3.1, this is a
purely mathematical construct with no inherent meanings, since some of the variables
cannot have the value of 0 (in this case, speech rate and comparative intensity).
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5.2.3.2 Following segment manner

Figure 5.2.3.2.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
1
0.8
0.6
0.4
0.2
0
-0.2
-0.4
aff.
(-13)

fric.
(-5)

lat.
(-4)

STOP

app.
(10)

trill*
(25)

nas.***
(41)

Figure 5.2.3.2.1 MLR-estimated effect of the individual levels of the variable following segment manner
on F1 of high vowels, in standard deviations, with stop as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz, assuming 48
Hz as the average value of standard deviation for the F1 of high vowels.

The largest statistically significant effect is the raising of the first formant in vowels
followed by nasals. This can be interpreted as an expected effect of vowel nasalization
(cf. Ohala 1975, Wright 1986). The first formant is also significantly raised in vowels
preceding trills. This is not unexpected: as the data of Recasens (1991) and Recasens and
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Pallares (1999) indicate, in comparison to other alveolar segments, the articulatory
configuration for trills requires an active lowering of certain parts of the tongue
(predorsum and mediodorsum). No other individual differences are significant vis-à-vis
the reference category, stops. Two of them, however, are relatively large (approximants,
raising of F1 by approximately 10 Hz) and affricates (lowering of F1 by approximately
13 Hz). If these effects were confirmed with a larger sample, the former could be
attributed to the fact that approximants have a smaller degree of oral constriction than
stops, and thus involve less elevation of tongue body which may affect the articulation of
the high vowels. The latter effect, however, would be difficult to account for, as one
would not expect following stops and affricates to have different effects.

The interaction between following segment manner and vowel was nearly significant
(increase in R2 by 0.0183, p<0.1), but it did not improve prediction (drop in “R2” 0.0247).

5.2.3.3 Preceding segment manner

Figure 5.2.3.3.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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1
0.8
0.6
0.4
0.2
0
STOP

fric.
(5)

app.
(9)

lat.'
(13)

aff.***
(23)

trill***
(30)

nas.***
(45)

Figure 5.2.3.3.1 MLR-estimated effect of the individual levels of the variable preceding segment manner
on F1 of high vowels, in standard deviations, with stop as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz, assuming 48
Hz as the average value of standard deviation for the F1 of high vowels.

It is likely that the F1-raising effects of preceding nasals and trills can be accounted for in
the same way as the effect of following consonants of this type in the preceding section.
Accounting for the other effects, two of which are significant or nearly significant vis-àvis the reference category, is less straightforward, but it can be pointed out that with the
exception of nasals, there seems to be a general correlation between the degree to which
F1 is raised after consonants of different manner classes and the degree of oral
constriction they involve. This is not an unexpected effect from the perspective of the
undershoot model of vowel duration, as more constricted consonants could be expected
to be more compatible with lower F1 values. However, this reasoning may be somewhat
problematic in the light of the fact that we do not see here exactly the same effect as we
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did in the with the preceding segment manner condition. Moreover, the fact that there is a
large (~18 Hz), but statistically untested difference after preceding fricatives and
affricates is surprising.

A little more light can be shed on this issue by considering the interaction between
preceding segment manner and the vowel variable. This interaction significantly
improved model fit (increase in R2 by 0.0205, p<0.01) and improved prediction (increase
in “R2”by 0.0059). To assess the role of this interaction in somewhat more detail, we
calculated separate regression coefficients for the three levels of the variable preceding
segment manner, i.e. built separate models for the three high vowels. This is a common
approach to exploring interactions in multiple linear regression models (cf. Garson
2006). If there were no interaction, the regression coefficients should be similar. Figure
5.2.3.3.2 clearly shows that this is not the case. The vowels i and u appear to behave most
similarly, although they differ in the scope of F1-raising induced by different manner
categories (vis-à-vis stops). The vowel y differs from them in that no F1-raising vis-à-vis
stops is observed after fricatives and affricates. Preceding nasals have the strongest F1raising impact on all three vowels, but the size of the effect varies. It is the smallest on
the most front vowel (i) and the largest on the most back vowel (u).
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Figure 5.2.3.3.2 Interaction between vowel and preceding segment manner, F1 of high vowels. The three
lines link regression coefficients calculated separately for the vowels i, y and u. All values are in standard
deviations. All regression coefficients are relative to the reference category stop within the given group.

Not all preceding segment manner categories could be compared in figure 5.2.3.3.2,
because in the training set there were no examples of laterals followed by y (a sequence
not occurring in Polish) and no examples of a trill followed by i. The behavior of
individual vowels differed in these contexts as well. More F1 raising (vis-à-vis stops) was
observed for u following laterals than for i. The vowel u was found to have a raised F1
after trills (vis-à-vis stops), by approximately 60 Hz. The vowel y was found to actually
have a lower F1 after trills than after stops (by approximately 11 Hz).

5.2.3.4 Preceding segment place

Figure 5.2.3.4.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment place. The reference category is shown in capitals (in this
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case, dentals). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
0.5
0.4
0.3
0.2
0.1
0
-0.1
-0.2
-0.3
alveop. DENTAL
(-10)

alv.
(1)

lab.
(2)

palzd.
(3)

pal.
(9)

vel.***
(22)

Figure 5.2.3.4.1 MLR-estimated effect of the individual levels of the variable preceding segment place on
F1 of high vowels, in standard deviations, with dental as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz,
assuming 48 Hz as the average value of standard deviation for the F1 of high vowels.

The only statistically significant effect vis-à-vis the reference place, dental, is the F1raising impact of preceding velars. We also see that preceding alveopalatals condition
lowered F1; should this result be verified statistically, it would not be surprising, as this is
the typical effect of Polish alveopalatals on this formant (cf. Nowak 2006). What might
be somewhat surprising is the fact that palatals and palatalized consonants do not seem to
pattern in the same way – they raise F1 (non-significantly vis-à-vis the dentals).
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The interaction between preceding segment place and vowel did not significantly
improve model fit.

5.2.3.5 Following segment place

Figure 5.2.3.5.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment place. The reference category is shown in capitals (in this
case, dentals). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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Figure 5.2.3.5.1 MLR-estimated effect of the individual levels of the variable following segment place on
F1 of high vowels, in standard deviations, with dental as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz,
assuming 48 Hz as the average value of standard deviation for the F1 of high vowels.
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Like the preceding velars discussed in section 5.2.3.4, following velars have a significant
raising effect on the first formant (vis-à-vis dentals). Following alveolars also
significantly raise F1 (vis-à-vis dentals), but in this case this must be juxtaposed with the
lack of a similar effect in the context of preceding alveolars. No explanation is apparent
for this difference. Palatals and alveopalatals lower F1 (non-significantly vis-à-vis
dentals, but by interpolation very likely significantly vis-à-vis velars and alveolars). This
is not a surprising effect, given the fact that such consonants require strong elevation of
the tongue body and close oral constriction. Palatalized consonants, however, do not
pattern in the same way. It is likely that in their case, the palatal effect is concentrated at
their release. 1

More light can be shed on the role of following segment place by considering its
interaction with the vowel variable. It was found to significantly improve model fit
(increase in R2 by 0.0212, p<0.01) and it only minimally decreased prediction accuracy
(drop in “R2”by 0.001). Regression coefficients calculated separately for the three high
vowels are shown in figure 5.2.3.5.2. As can be seen, there are differences in the relative
effect of following segment place (vis-à-vis dentals) on the three high vowels. Broadly
speaking, the vowels y and u appear to behave in parallel (with the exception of following
palatals), although the size of the observed effect differs. Surprisingly, the vowel i
actually has higher F1 values in the context of alveopalatals than in the context of
dentals; this has the effect of downplaying the scope of alveopalatal-induced F1-lowering
1

Palatalized consonants, almost all of which are palatalized labials, can be realized phonetically as
sequences of a “plain” consonant and the palatal glide [j] (e.g. Sawicka 1995).
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when the high vowels are considered together as a class (cf. figure 5.2.3.5.1). We can
also see that the general F1-raising effect of following velars is the strongest in the case
of the vowel u, although it is observed for the other vowels as well.
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Figure 5.2.3.5.2 Interaction between vowel and following segment place, F1 of high vowels. The three
lines link regression coefficients calculated separately for the vowels i, y and u. All regression coefficients
are relative to the reference category dentals within the given group.

5.2.3.6 Comparative intensity

The MLR validated model estimated the regression coefficient for the continuous
variable comparative intensity at 1.81, significant at p<0.0001. Among the high vowels,
comparative intensity varied between 0.761-1.302. This indicates that the contribution of
this variable varied between adding 1.38 sd (1.81*0.761) to the mean and adding 2.5 sd.
(1.81*1.38) to it. In other words, the vowel with the highest comparative intensity was
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estimated to have the first formant 1.12 sd (~54 Hz) higher than the vowel with the
lowest comparative intensity.

Comparative intensity is likely to correlate positively with the degree of opening of the
vocal tract. In this context, it is not surprising that vowels with higher comparative
intensity have a higher F1 than vowels with lower comparative intensity (cf. figure 3.5.1).
It is more difficult to explain the underpinnings of the variation in comparative intensity
among high vowels. We have suggested before that this variable may be correlated with
non-lexical accent or other kinds of emphasis; it is unclear, however, whether this kind of
reasoning is applicable to high vowels. This is because the F1 of high vowels is
inherently low. There is thus likely to be a trade-off relationship between increasing the
intensity of a high vowel on the one hand, and making it more “canonical” in spectral
terms. It is unclear how this tension is resolved, and therefore whether the effect of
comparative intensity on high vowels can be attributed to accentuation.

5.2.3.7 Prepausal phonological word

The F1 of high vowels was found to be lowered in prepausal phonological words, by 0.23
sd (~11 Hz). The source of this effect is not very clear. One possibility is related to the
fact that pauses are likely to often correspond to the boundaries between syntactic
domains. As was discussed in chapter 3, in an SVO language like Polish, new
information is likely to come towards the end of the syntactic domain. From the
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perspective of information value (cf. Jurafsky et al. 2001), we would expect that vowels
carrying newer information should be less reduced. For high vowels, this is likely to
indicate lower rather than higher F1, as found in the data here.

As was the case with duration, the interpretation of any potential general effect may be
complicated by the phenomena affecting immediately domain-final vowels. In particular,
Nord (1986) suggested that vowels in prepausal syllables are more susceptible to
coarticulation with the rest position of the vocal tract, i.e. centralization. To informally
explore this potential interaction effect, the original variable prepausal phonological word
was dropped from the model. Instead, a new variable was added, defined as interaction
between syllable position and being in the prepausal phonological word. Next, average
effects (average of regression coefficients) were calculated separately for vowels in final
and nonfinal prepausal syllables and final and non-final non-prepausal syllables.2 High
vowels in prepausal phonological words turned out to have a lower F1 than vowels in
non-prepausal phonological words in both non-final and final syllables, but the difference
was greater in the former (-0.39 sd. vs. -0.12 sd). This strongly suggests the presence of
an interaction effect, although it has to be pointed out that it was not statistically verified
within the current modeling paradigm.

2

“Final” syllables here refers to syllables in enclitics, monosyllables and final syllables of nonmonosyllables. The latter two categories strictly speaking comprise syllables that are only likely to be final
in the phonological word – they are not if an enclitic follows.

189
5.2.3.8

Speech rate

The MLR validated model estimated the regression coefficient for the continuous
variable speech rate at 0.0234, significant at p<0.05. Among the high vowels, speech rate
varied between 2.66-10.8 syllables per second. This indicates that the contribution of this
variable varied between adding 0.06 sd (0.0234*2.66) to the intercept and adding 0.25 sd.
(0.0234*10.8) to it. In other words, the vowel spoken at the highest observed speech rate
was estimated to have the first formant 0.19 sd (~9 Hz) higher than the vowel spoken at
the lowest observed speech rate.

The fact that the variable speech rate was selected into the validated model of F1 for high
vowels, but duration was not, might suggest that it served as a proxy for duration
information. In other words, it is possible that the effect attributed by MLR to speech rate
might in fact be an effect of duration. One reason why this may have happened in this
case could be that vowel duration was measured less accurately for high vowels than for
other vowels. Speech rate, which also indirectly measures vowel duration, could be
subject to smaller error.

This is, however, unlikely. As was discussed in chapter 3, duration and speech rate
appeared to have a different effect on high vowels when considered pre-statistically. In
the case of the highest speech rate, the apparent effect was that of F1 raising (confirmed
here), but the shortest high vowels appeared to have lower F1. In section 3.4 we
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speculated about the possible reasons for this apparent dissociation between speech rate
and duration in the case of high vowels. On the basis of the current results, nothing can
be added to this discussion.

5.2.4

Summary

The strongest effects on the F1 of high vowels are those of preceding and following
segment manner. Detailed analysis of regression coefficients showed that it is almost
entirely the function of the lowering impact of nasals and trills. The place effects cannot
be fully accounted for (in particular the lowering effect of velar consonants). The other
effects observed also escaped a full explanation, but they were relatively small.

As was mentioned before, high vowels have inherently low values of the first formant.
The lowest values of F1 were found in vowels appearing in non-nasal and non-trill
contexts; as was discussed in the relevant sections, it is not surprising that less reduction
is found in these contexts. The F1-lowering effects of lower speech rate, lower
comparative intensity and non-prepausal phonological word can also be seen as
indicative of decreased reduction, although little can be said for certain about the
underlying causal mechanisms. The effects of place of neighboring consonants are
complex and vary by the vowel.
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As was noted earlier, the overall fit of the high vowel model was not very good. A partial
answer to the question why this is the case may emerge from the examination of the
separate models for the three high vowels we constructed to analyze interaction effects.
The fit of the models for i and y was substantially higher than the fit for the overall model
(R2 equal to 0.37, 0.4 and 0.279, respectively). However, the separate model for u had the
lowest fit (R2 equal to 0.25). It is likely that the LPC tracking algorithm had the most
problems resolving formant frequencies for u, because in that vowel the lowest two
formants have the closest values. This could result in u having the greatest degree of
error. It would not necessarily result in a significant result for the vowel variable, because
the measurement error in question would be likely to be essentially random, i.e.
uncorrelated with the predictors used. The only effect would be lowering the overall fit
for high vowels, as observed in the data here.

5.3

Mid vowels

It is difficult to make strong predictions for the effect of vowel reduction on the height
dimension of mid vowels, because their inherent values of the first formant are neither
extremely low nor extremely high. The Polish mid vowels are usually defined as open
mid (lower-mid), this suggests that contextual influences should generally result in the
lowering rather raising of F1. However, this can only be verified statistically.
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5.3.1

Selecting the model

There were 2408 mid vowels o and e in the entire dataset (see section 3.1 for a detailed
breakdown). Following the procedures outlined in chapters 2 and 4, they were randomly
divided into a training set, comprising 75% of tokens (1806) and a validation set,
comprising 25% of tokens (602). The training set was used to select an optimal
combination of variables, using a bidirectional automatic search algorithm employing the
Akaike Information Criterion. Of the twenty-two independent variables considered,
fifteen were selected into the model. They were then used to predict normalized F1 scores
for vowel tokens in the validation set and “R2” was calculated. Predictors were then
dropped one-by-one in the order that reversed the order in which they were selected by
the AIC procedure, and “R2” was recalculated. It was found to be maximized when one
more variable was dropped from the model (following segment voicing). Accordingly,
the remaining 14 independent variables were used to construct a validated model of the
training set.

Table 5.3.1.1 shows the independent variables considered, listed in their order of
inclusion in the AIC-based model as well as “R2” values resulting from dropping the
given variable and all lower-ranked variables from the model, with variables included in
the validated model appearing above the thick line. Table 5.3.1.2 compares the statistical
data of the validated model of the training set with the predictions for the validation set
obtained using the same independent variables and the same regression coefficients.
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Figures 5.3.1.1 and 5.3.1.2 show the correlations between predicted and obtained values
of the dependent variable in the training set and the validation set, respectively, providing
a graphical illustration of the strength of the relationship.

It should be noted that in contrast with high vowels, the variable vowel was selected into
the validated model, suggesting that there are some differences in the way the two mid
vowels are impacted by contextual influences.
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Independent variable
duration
preceding segment place
following segment manner
preceding segment manner
syllable position
following segment place
comparative intensity
vowel
word content/function
preceding segment voicing
style
clause final phonological word
postpausal phonological word
phonological word size

AIC rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14

“R2”
n/a
0.1343
0.2480
0.2739
0.3319
0.3938
0.4301
0.4523
0.4699
0.4873
0.4896
0.4979
0.5055
0.5114

following segment voicing
full AIC model
number of following consonants
syllable content/function
word frequency
prepausal phonological word
speech rate
clause-initial phonological word
subject

15
n/a
not selected
not selected
not selected
not selected
not selected
not selected
not selected

0.5123
0.5115
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Table 5.3.1.1 Variable selection for F1 mid vowels model. AIC rank refers to the order of inclusion of the
variables in the initial model of the training set using the stepwise AIC algorithm (the AIC model). “R2” is
the correlation between the predicted and the obtained scores in the validation set obtained by dropping the
independent variable listed in the same line and all independent variables with a lower AIC rank. The
maximum “R2” is shown in bold and the bold line separates independent variables included in the validated
model (above the line) from the ones that were not included (below the line).
Statistic
Value
Difference

R2
0.5559
-0.044

“R2”
0.5123

RSE
0.6714
0.0044

“RSE”
0.6758

Table 5.3.1.2 F1 in mid vowels. Comparison of the key statistics of the validated model of the training set
and its predictions for the validation set. R2 = squared multiple correlation coefficient of the validated
model of the training set; “R2” = squared correlation coefficient between observed values of duration in the
validation set and values predicted by the validated model of the training set. RSE = residual standard error
of the validated model of the training set; “RSE” = standard deviation of the differences between values
observed in the validation set and values predicted for the validation set by the validated model of the
training set. Difference indicates the difference between the statistics for the validation set and the statistics
for the training set.
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Figure 5.3.1.1 The validated model of F1 of mid vowels. Correlation between F1 values observed in the
training set (horizontal axis) and values predicted for the training set by the 14 predictors included in the
validated model (vertical axis). All units are standard deviations.
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Figure 5.3.1.2 The validated model of F1 of mid vowels. Correlation between F1 values observed in the
validation set (horizontal axis) and values predicted for the validation set by the 14 predictors included in
the validated model (vertical axis). All units are standard deviations.
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Table 5.3.1.2 indicates that the validation of the validated model is fairly successful; the
R2 and the RSE statistics for both the training set and the validation set are fairly similar.
The overall predictive power of the model is moderately good. Judged from the R2 values
of 0.5123-0.5559, the model accounts for approximately twice as much variance in the
data as did the model for high vowels. The R2 values indicate multiple correlation
coefficient R2 between 0.716-0.746, which indicates a fairly strong linear relationship
between the dependent variable and the predictors.

5.3.2

Categorical regression

The 14 variables that were included in the validated model were used to construct a
categorical regression (CR) model of the training set, so that the relative contribution of
different variables could be meaningfully assessed by comparing regression coefficients
computed on a uniform standardized scale. The R2 of the categorical regression model
was 0.5786, indicating correlation coefficient R=0.76. The key statistics were thus very
similar to the values obtained by MLR. Table 5.3.2.1 summarizes the results, providing
also information about the usefulness of each variable calculated for the regular multiple
regression validated model, as discussed in the preceding section. All values reported are
absolute, i.e. ignoring the sign.
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Variable
preceding segment place
preceding segment manner
duration
following segment manner
vowel
syllable position
following segment place
preceding segment voicing
comparative intensity
word content/function
style
postpausal
clause-final
phonological word size

AIC rank
2
4
1
3
9
5
6
10
7
9
11
13
12
14

usefulness
0.1114
0.0734
0.0516
0.0660
0.0154
0.0237
0.0248
0.0111
0.0136
0.0090
0.0073
0.0039
0.0042
0.0011

b

0
0.4888
0.3908
0.2636
0.2628
0.1830
0.1821
0.1720
0.1571
0.1444
0.1392
0.0941
0.0668
0.0626
0.0419

0.2782
0.2268
0.3841
0.2809
0.0019
0.2518
0.1632
0.0101
0.3207
0.2535
0.1057
0.0272
0.1157
0.1502

partial
0.5024
0.4444
0.3429
0.3684
0.2256
0.2389
0.2537
0.2029
0.2003
0.1975
0.1401
0.0990
0.0903
0.0607

part
0.3772
0.3220
0.2369
0.2572
0.1503
0.1597
0.1703
0.1345
0.1327
0.1308
0.0919
0.0646
0.0589
0.0395

Table 5.3.2.1 Comparisons of MLR and categorical regression results, validated F1 mid vowel models of
the training set. AIC rank refers to the order of inclusion of the variables in the initial model of the training
set using the stepwise AIC algorithm (the AIC model). Usefulness refers to the drop in R2 of the MLR
validated model when a given variable is dropped. b is the categorical regression regression coefficient, 0 is
the categorical regression zero-order correlation coefficient, partial is the categorical regression partial
correlation coefficient and part is the categorical regression part (semipartial) coefficient. All values are
absolute.

Figure 5.3.2.1 compares the usefulness of predictors, as estimated by MLR, with their
squared semipartial coefficients, as estimated by categorical regression. As can be seen,
the values are very similar, in particular if their relative values are considered (which is
indicated by the parallelism between the two lines). This indicates that in this case,
multiple linear regression and categorical regression are closely matched and we are
justified in treating the results obtained by both of these techniques as largely equivalent.
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Figure 5.3.2.1 F1 of mid vowels. Comparison of the MLR validated model of the training set (variable
usefulness) with the categorical regression model of the training set (squared part correlation, “part2”) built
with the same independent variables.

Figure 5.3.2.2 shows graphically the relative contribution of independent variables to F1
of mid vowels estimated by the absolute values of the CR b-coefficients. The variable
preceding segment place emerges as the strongest, followed closely by preceding
segment manner. Duration and following segment manner also appear to have fairly
strong effects, the effect of the other variables is smaller. The picture that emerges from
figure 5.3.2.2 thus strongly suggests that the variability of F1 of mid vowels may to a
large extent be accounted for by the undershoot model of vowel reduction, but this needs
to be verified by considering each variable with detail.
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Figure 5.3.2.2 Relative impact of predictors on F1 of mid vowels, estimated from the regression
coefficients (b-coefficients) of the CR validated model of the training set. The abbreviations used in this
table were defined in table 2.9.1 in chapter 2.

5.3.3

Individual predictors (MLR)

In this section, we will consider the impact of individual predictors in detail. The basic
information will be provided in standard deviations, but we will also provide Hertz
estimates, obtained using the average standard deviation of high vowels (67 Hz). As was
explained in section 5.1, such values needs to be treated with great caution, as they may
gloss over significant inter-speaker and inter-vowel variability.
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5.3.3.1 Intercept

The intercept of the MLR equation was -2.3. In other words, a mid vowel was predicted
to have an F1 lower by 2.3 standard deviations (154 Hz) from its mean value when the
contribution of all variables was equal to 0. As was explained in section 4.3.1, this is a
purely mathematical construct with no inherent meaning, since some of the variables
cannot have the value of 0 (in this case, vowel duration, comparative intensity and
phonological word size).

5.3.3.2 Vowel duration

The MLR validated model estimated the regression coefficient for the continuous
variable vowel duration at 0.0093, significant at p<0.0001. Among the mid vowels,
duration varied between 12-380 ms.. This indicates that the contribution of this variable
varied between adding 0.11 sd (0.0093*12) to the intercept and adding 3.5 sd.
(0.0093*380) to it. In other words, the longest vowel was estimated to have the first
formant 3.4 sd (~ 228 Hz) higher than the shortest vowel. This means that the regression
equation estimated F1 to be raised by 0.62 Hz for each additional millisecond of vowel
duration (228/(380-12)).

We suggested in the introduction to section 5.3 that contextual effects on mid vowels are
likely to lower rather than raise their F1 value. Increased duration results in an F1

201
increase; this indicates that increasing the duration counteracts such contextual effects. Of
course, this is exactly what is predicted by the undershoot model of vowel reduction.

Potential interaction effects between vowel duration and the place and manner variables,
as well as the vowel variable, are discussed in the relevant sections.

5.3.3.3 Preceding segment place

Figure 5.3.3.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment place. The reference category is shown in capitals (in this
case, dentals). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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-0.8
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-1.2
-1.4
alvep.*** palzd.***
(-82)
(-69)

pal.***
(-50)

alv.***
(-23)
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(-0.7)
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lab.*
(9)

Figure 5.3.3.3.1 MLR-estimated effect of the individual levels of the variable preceding segment place on
F1 of mid vowels, in standard deviations, with dental as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz,
assuming 67 Hz as the average value of standard deviation for the F1 of mid vowels.

Categorical regression indicated that the variable preceding segment place was the
strongest relative influence on the first formant of mid vowels. The strength of this
variable can be additionally appreciated through the fact that all individual place
categories, with the exception of velars, showed statistically significant differences vis-àvis the dentals. In the case of preceding labials, the F1 was slightly higher than in the case
of preceding dentals. For all other classes of preceding consonants, F1 was lower. What
is particularly clear is that the three classes of consonants with the palatal component
present exert a particularly strong lowering influence on F1 (between 50-82 Hz).
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The inclusion of interaction term between preceding segment place and vowel duration
significantly increased R2 of the training set (from 0.5559 to 0.566, p<0.001), but did not
improve the predictive power of the model (drop in “R2”of the validation set from 0.5123
to 0.4491).

5.3.3.4 Preceding segment manner

Figure 5.3.3.4.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
1.4
1.2
1
0.8
0.6
0.4
0.2
0
STOP

app.*
(15)

fric***
(21)

aff.***
(24)

trill***
(55)

nasal***
(64)

lat.***
(80)

Figure 5.3.3.4.1 MLR-estimated effect of the individual levels of the variable preceding segment manner
on F1 of mid vowels, in standard deviations, with stop as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz, assuming 67
Hz as the average value of standard deviation for the F1 of mid vowels.
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Consonants of all manner classes strongly affect the F1 of mid vowels. F1 is predicted to
be the lowest after stops and the highest after laterals. It seems that the difference
between the effect of stops and the effects of approximants, fricatives, affricates and
perhaps trills can be attributed to differences in the degree of oral constriction that these
consonants require. The closer the constriction, the higher the tongue must be raised,
which impedes the subsequent lowering required for open-mid vowels. In this sense, the
abovementioned effects can be attributed to target undershoot. In addition, trills are
known to require active lowering of medial parts of the tongue, in comparison with other
alveolar consonants (Recasens 1991, Recasens and Pallares 1999). The effect of nasals
and laterals observed in the data is likely to have a different explanation, namely one in
terms of contextual nasalization and lateralization. These are also coarticulatory effects,
but not directly related to there being conflicting requirements on the lingual articulator,
although this may account for some part of the lateral effect. Nasalization can be
expected to raise the first formant of mid vowels (cf. Ohala 1975 and Wright 1986). The
predictions concerning lateralization are less clear, but it should be noted that there are
known examples of vowel mergers in the height dimension in favor of the more open (i.e.
higher F1) variant (e.g. Labov, Ash and Boberg 2006 for American English dialects). 3
The effect of nasals mirrors the one observed for the effect of nasals on high vowels,
while the effect of laterals is far stronger than it was in the case of high vowels.

3

It should be noted though that in the English dialects in question the neutralizations are triggered by a
following lateral.
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The inclusion of the interaction term between preceding segment manner and vowel
duration resulted in almost significant increase in R2 of the training set (from 0.5559 to
0.5586, p<0.1), but it did not improve the predictive power of the model (drop in “R2”of
the validation set from 0.5123 to 0.5082).

5.3.3.5 Following segment place

Figure 5.3.3.5.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment place. The reference category is shown in capitals (in this
case, dentals). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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Figure 5.3.3.5.1 MLR-estimated effect of the individual levels of the variable following segment place on
F1 of mid vowels, in standard deviations, with dental as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The abbreviations are as follows: lab. = labial, palzd. = palatalized,
pal. = palatal, DENT. = dental, alv. = alveolar, alveop. = alveopalatal, vel. = velar. The numbers in brackets
indicate the approximate effect in Hertz, assuming 67 Hz as the average value of standard deviation for the
F1 of mid vowels.

While the effects are smaller in size, the general effect of following segment place is very
similar to that of preceding segment place (section 5.3.3.2). In both cases labials are the
only consonants that condition a significantly higher F1 values than dentals. In both
cases, the lowest F1 values are predicted in the context of consonants with a palatal
component, although in the case of following palatals and palatalized consonants the
effect is not significant vis-à-vis dentals. In both cases, the differences between dentals,
velars and alveolars are small (although the difference between preceding dentals and
preceding alveolars is significant, but the one between the following ones is not).
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The interaction between following segment place and vowel duration did not
significantly improve model fit.

5.3.3.6 Following segment manner

Figure 5.3.3.6.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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Figure 5.3.3.6.1 MLR-estimated effect of the individual levels of the variable following segment manner
on F1 of mid vowels, in standard deviations, with stop as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz, assuming 67
Hz as the average value of standard deviation for the F1 of mid vowels.
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In general, the effect of the variable following segment manner resembles that of the
variable preceding segment manner (section 5.3.3.4). Mid vowels are predicted to have
highest F1 values in the context of trills, nasals and laterals, although in the case of
following laterals the effect is much smaller and not statistically significant vis-à-vis
stops. As for the remaining categories, only following fricatives are predicted to
condition significantly lower F1 than following stops. This means that an explanation
relating the manner effect to the degree of vocal tract opening is not appropriate in the
case of following consonants. The precise source of the effect remains mysterious, but it
is worth pointing out that such differences between the effect of preceding and following
consonant manner parallel to a certain extent the differences observed for high vowels
(see sections 5.2.3.2 and 5.2.3.3). For both high and mid vowels, the lowest F1 values
occur after stops, i.e. after consonants with the greatest degree of oral closure, but the
same potentially undershoot-related effect is not observed before stops.

To complicate matters further, the interaction between following segment manner and
vowel duration turned out to be important. It both significantly increased the R2 of the
training set (from 0.5559 to 0.5593, p<0.05) and increased the predictive power of the
model (increase in “R2”of the validation set from 0.5123 to 0.5176). We will therefore
consider it in detail.

Figure 5.3.3.6.2 provides a graphical illustration of this interaction effect. It compares the
regression coefficients calculated for the validated model without the interaction term
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(i.e. the coefficients shown in figure 5.2.3.3.6.1 above, called “general effect” here) with
the same coefficients obtained when the interaction term was included in the validated
model (called “main effect”). The importance of the interaction effect can be assessed
from considering the degree to which the lines illustrating the general effect and the main
effect are or are not parallel. In addition, the regression coefficients for the interaction
terms are shown, multiplied by 100. This is an arbitrary value, chosen so as to make the
interaction coefficients similar enough in scale to the general effect coefficients and the
main effect coefficients to enable their presentation on one chart. Mathematically, the
interaction coefficients multiplied by 100 indicate the increase or decrease in
standardized F1 values as vowel duration increases by 100 ms. Note that if there were no
interaction, the general effect and the main effect lines would be exactly the same, and
the interaction would equal zero at all levels of the variable.
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Figure 5.3.3.6.2 Interaction between vowel duration and following segment manner, F1 of mid vowels.
“General effect” refers to regression coefficients of the validated model (i.e. the model with no interaction
terms). “Main effect” refers to the regression coefficients obtained when the validated model is
supplemented with the interaction variable. “Interaction” refers to regression coefficients of the interaction
term multiplied by 100. All regression coefficients are calculated with reference to the reference category,
shown in bold (stop for the general effect and the main effect, interaction of stop and duration for the
interaction). All values are in standard deviations.

As can be seen, the general effect line and the main effect line are broadly parallel. The
biggest difference be noticed at the approximant level. The regression coefficient
calculated for approximants is much lower when interaction terms are included than
when they are not. The explanation of this difference lies in the high positive value of the
interaction term. What this indicates is that the presence of a following approximant has a
strong lowering effect on F1 of the mid vowel, but this effect is very sensitive to vowel
duration – it decreases as duration increases. The opposite can be observed for the effect
of the trill. The estimated F1-raising effect of trills is greater when the interaction terms
are included, but it decreases with the increase in vowel duration. Other effects are
smaller, but can be interpreted in the same way. For example, when the interaction terms
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are included, there is virtually no difference between vowels followed by stops and
vowels followed by fricatives. However, the longer the vowel, the greater the F1lowering effect of following fricatives vis-à-vis following stops.

It is notable that there does not appear to be any interaction with duration for the
following nasals, which can be seen from the fact that the main effect coefficient and the
general effect coefficient are almost identical and the interaction coefficient is close to 0.

5.3.3.7

Syllable position

Figure 5.3.3.7.1 presents the MLR-estimated regression coefficients for the levels of the
variable syllable position. The reference category is shown in capitals (in this case, vowel
in the penultimate syllable of a non-monosyllabic word). Levels that are significantly
different from the reference level are marked, and their estimated impact in Hertz is also
shown.
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Figure 5.3.3.7.1 MLR-estimated effect of the individual levels of the variable syllable position on F1 of
mid vowels, in standard deviations, with penultimate syllable as the reference category (shown in capitals).
If applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)).. The numbers in brackets indicate the approximate effect in Hertz, assuming 67
Hz as the average value of standard deviation for the F1 of mid vowels.

Vowels in the two types of syllables that can be expected to carry lexical stress, i.e.
monosyllables and penultimate syllables of other words, are not significantly different
from each other. Vowels in enclitics are estimated to have a slightly higher F1, but the
effect is not significant. Vowels in all other types of lexically-unstressed syllables are
predicted to have lower F1 values. Assuming again that the target values of F1 of mid
vowels in Polish tend to be higher rather than lower, it can be said that unstressed
syllables are more prone to reduction than stressed syllables, which is the expected effect
(cf. Nord 1986 for Swedish and Harris 1978 for English).
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The effect discussed here may become even clearer if instead of considering each syllable
position individually, we use a three way distinction between stressed syllables
(monosyllables and penultimates), clitics (enclitics and proclitics) and unstressed
syllables (all the others). This simplification results in a slightly reduced model fit (R2
drops by 0.0062 and “R2” by 0.0059), but graphically the effect of lexical stress is
clearer, as shown in figure 5.3.3.7.2.
0
-0.05
-0.1
-0.15
-0.2
-0.25
-0.3
-0.35
-0.4
unstressed*** (-23)

clitic' (-9)

STRESSED

Figure 5.3.3.7.2 MLR-estimated effect of the individual levels of the supplementary variable stress on F1
of mid vowels, in standard deviations, with stressed as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). Stressed vowels are vowels in penultimate syllables and non-clitic
monosyllables, clitic vowels are vowels in enclitic and proclitics and unstressed vowels are all the other.
The numbers in brackets indicate the approximate effect in Hertz, assuming 67 Hz as the average value of
standard deviation for the F1 of mid vowels.

Using this simplified validation model, we considered interactions between stress and the
preceding and following segment place. The former significantly improved model fit at
the 0.01 level (increase in R2 by 0.0055), but resulted in decreased prediction accuracy in
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the validation set (drop in “R2” by 0.0021). The latter did not significantly improve model
fit. We did find, however, an important interaction of stress and vowel. It will be
discussed in section 5.3.3.15.

5.3.3.8 Preceding segment voicing

Mid vowels were predicted to have F1 value 0.3 sd (~20 Hz) higher after voiceless
consonants than after voiced consonants; the effect was significant at p<0.001. There are
two possible explanations of this effect.

In section 4.3.8 it was shown that vowels were significantly longer after voiced
consonants. It was also argued that this effect could be a result of the semi-automatic
segmentation procedures used: boundaries between stops and vowels were typically
found at the onset of voicing, which means that any aspiration accompanying voiceless
stops did not count as a part of the vowel. As a result, the duration of vowels following
voiceless stops was underestimated. Since duration F1 was found to be positively
correlated with vowel duration, it is possible that the effect of preceding consonant
voicing corrects this underestimation. However, we estimated in section 5.3.3.2 that the
rate of change in F1 frequency was approximately 0.62 Hz per millisecond, and in
chapter 4 the durational effect of preceding segment voicing was estimated at 5.7 ms.
This suggests that amount of F1 correction explainable in this way is about 3.7 Hz
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(0.64*5.7), which is much less than the 20 Hz effect of preceding segment voicing
actually found.

In addition, John Ohala (personal communication) points out that segments with high
airflow, such as voiceless fricatives and voiceless aspirated stops, tend to have a large
glottal opening which may be assimilated by the neighboring vowels. This may result in
an acoustic coupling between the supraglottal cavity and the subglottal cavity with effects
mimicking those of nasalization (cf. Ohala and Ohala 1993 for a detailed account). The
F1-raising observed for mid vowels after voiceless consonants is consistent with this
explanation, although it is not fully clear whether the larger than normal glottal opening
may indeed persist as far as the steady-state portion of the vowels.

5.3.3.9 Comparative intensity

The MLR validated model estimated the regression coefficient for the continuous
variable comparative intensity at 2.32, significant at p<0.0001. Among the mid vowels,
comparative intensity varied between 0.752-1.38. This indicates that the contribution of
this variable varied between adding 1.74 sd (2.32*0.752) to the intercept and adding 3.2
sd. (2.32*1.38) to it. In other words, the vowel with the highest comparative intensity was
estimated to have the first formant 1.46 sd (~98 Hz) higher than the vowel with the
lowest comparative intensity.
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Comparative intensity is likely to correlate positively with the degree of opening of the
vocal tract. In this context, it is not surprising that vowels with higher comparative
intensity have a higher F1 than vowels with lower comparative intensity (cf. figure 3.5.1).
Given that for open-mid vowels the canonical F1 can be expected to be higher rather than
lower, this indicates that vowels with higher comparative intensity can be described as
less reduced than vowels with lower comparative intensity. To the extent that this
variable may correlate with accent and emphasis, this is not an unexpected result.

5.3.3.10 Word content/function status

Mid vowels were found to have a lower F1 value in function words than in content
words, by 0.35 sd (~23 Hz); the effect was significant at p<0.001. This can be interpreted
as indicating that mid vowels are less reduced in content words, confirming the effect that
has been found in other languages (e.g. van Bergem 1993).

5.3.3.11 Speech style

Figure 5.3.3.11.1 presents the MLR-estimated regression coefficients for the levels of the
variable style. The reference category is shown in capitals (in this case, normal reading
style). Levels that are significantly different from the reference level are marked, and
their estimated impact in Hertz is also shown.
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Figure 5.3.3.11.1 MLR-estimated effect of the individual levels of the variable style on F1 of mid vowels,
in standard deviations, with normal reading as the reference category (shown in capitals). If applicable, the
fact that the given level is statistically significantly different from the reference level is shown ( '***'
indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe indicates p<0.1
(almost significant)). The numbers in brackets indicate the approximate effect in Hertz, assuming 67 Hz as
the average value of standard deviation for the F1 of mid vowels.

As can be seen from figure 5.3.3.11.1, mid vowels had a significantly lower F1 in the
narrative speech style. We interpret this as confirming Koopmans-van Beinum’s (1980)
finding for Dutch, according to which vowels are more reduced in less formal speech
styles.

5.3.3.12 Postpausal phonological word

Vowels were found to have a higher F1 value in postpausal phonological words, by 0.18
sd (~ 12 Hz). The source of this effect is unclear. In chapter 3 we speculated that a
potential effect of the vowel appearing in a postpausal phonological word would be to
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make it more reduced in comparison to other vowels, since in an SVO language like
Polish utterance-initial words are more likely to convey known, and hence predictable,
information. This effect points in the opposite direction, as vowels in postpausal
phonological words appear to be less reduced.

One possibility is that the effect observed is a reflection of the phenomenon known as
domain-initial strengthening that has been observed for consonants (cf. Lavoie 2000) or
other more phonetic effects that affect vowels that follow a pause. If this were the case,
the F1 raising effect should be confined to immediately postpausal vowels.
Unfortunately, it was impossible to verify this by investigating it as an interaction
between the variables postpausal phonological word and syllable position, in the way
paralleling our investigation of the prepausal variable (cf. section 4.3.16 in the analysis of
duration). It turned out that only vowels in postpausal penultimates were sufficiently
numerous in the mid vowel data for regression coefficients to be calculated when we
dropped the original variables syllable position and postpausal phonological word from
the model and added interaction terms. However, vowels in penultimate syllables in
postpausal phonological words were found to have a significantly higher F1 than vowels
in penultimate syllables in non-postpausal phonological words (by 0.16 sd, which is
approximately 11 Hz, i.e. a value very similar for the general increase estimated for
vowels in postpausal phonological words). In both groups, there was a similar proportion
of penultimates that were not initial in phonological words (30.3% for postpausal
phonological words and 36.4% in non-postpausal phonological words). This strongly
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suggests that the raising effect of postpausal phonological words applies to vowels
present in non-immediately postpausal syllables as well.

One further possibility is that postpausal phonological words are pronounced with a
greater emphasis when the pauses coincide with paragraph and fragment boundaries.
Anecdotically, that appeared to be the case, but this could not be verified in detail.

5.3.3.13 Clause-final phonological word

Vowels appearing in clause-final phonological words were found to have higher F1
values than vowels in non-clause final phonological words, by 0.15 sd (~10 Hz). It is
possible that vowels in clause-final phonological words were less reduced because such
words are more likely to convey new information in an SVO language like Polish. A brief
investigation of the potential interaction effect between clause-finality and syllable
position revealed that vowels in clause-final phonological words had higher F1 values in
all comparable syllables; the difference was significant for penultimates. This suggests
that the F1 raising effect in clause-final phonological words was present in the entire
phonological word, and thus was not an effect of immediate adjacency to clause
boundary.
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5.3.3.14 Phonological word size

The MLR validated model estimated the regression coefficient for the ordinal variable
phonological word size at -0.04, significant at p<0.05. Among the mid vowels,
phonological word size varied between 1-9 syllables. This indicates that the contribution
of this variable varied between subtracting 0.04 sd (-0.04*1) from the intercept and
subtracting 0.36 sd. (-0.04*9) from it. In other words, vowels in the shortest phonological
words were estimated to have the first formant 0.32 sd (~21 Hz) higher than the vowel in
the longest; that is, the F1 value was lowered by approximately 2.6 Hz with each
additional syllable in the phonological word. It is not clear what the source of this effect
is.

5.3.3.15 Vowel

If the vowel was o, it was predicted to have the standardized F1 value 0.45 sd lower than
if it was e. Because the data were standardized by vowel and by subject, this does not
mean that the o was predicted to have a lower F1 value than e. In fact, figure 3.1.2
showed that the mean value of F1 of o was actually approximately 50 Hz higher than that
of e. What the vowel effect indicates instead is that there are differences between the
ways in which reduction processes affect the two individual mid vowels. The way in
which this can be investigated is through considering possible interaction effects
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involving the vowel predictor. We will now consider the theoretically most interesting
ones.

We will assess the importance of interaction terms in the usual way, by estimating the
change in model fit (R2) and in its predictive power (“R2”). To investigate the differences
between vowels in more detail, we will use the approach to interactions that relies on
fitting separate models for the two levels of the interacting variable and then comparing
the regression coefficients (Garson 2006). Large differences between regression
coefficients of the same predictor obtained for the model that considers the vowel e only
and the model that considers the vowel o only will signal important interactions. It has to
be remembered, however, that the effects shown can only be compared with regard to the
reference levels for the two models. In other words, the fact that a higher regression
coefficient may be obtained for one of the vowels does not necessarily indicate that the
effect is greater for that vowel in absolute terms.

All first order interactions between vowel duration on the one hand and the place and
manner variables on the other were found to result in both significantly better model fit
and better predictions, as did the interaction between vowel and duration. Table
5.3.3.15.1 summarizes the impact of adding these interaction effects to the validated
model.
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Interaction

Change in R2

vowel and preceding segment place
vowel and following segment place
vowel and preceding segment manner
vowel and following segment manner
vowel and duration

0.0163
0.0045
0.0132
0.0039
0.0096

Significance of
the change in R2
p<0.001
p<0.01
p<0.001
p<0.01
P<0.001

Change in “R2”
0.0356
0.002
0.0094
0.0046
0.0056

Table 5.3.3.15.1 Summary of the key statistics for interaction variables involving vowel duration.

Figure 5.3.3.15.1 illustrates the interaction of preceding segment place and vowel by
displaying regression coefficients obtained separately for the vowels e and o. In this case,
the variable palatal is not shown, as there were no cases of the vowel o in the training set.
There is clearly a big difference in how the two mid vowels are affected by preceding
consonants at different places of articulation. The front mid vowel appears to be much
more susceptible to contextual F1 lowering by alveopalatals and palatalized consonants,
as well as to a certain extent alveolars (vis-à-vis dentals). This agrees with previous
impressionistic descriptions of Polish, according to which the vowel e is most strongly
affected by neighboring consonants with a palatal element (cf. Sawicka 1995).
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Figure 5.3.3.15.1 Interaction between vowel and preceding segment place. The two lines link regression
coefficients calculated separately for the vowels e and o. All values are standard deviations.

Figure 5.3.3.15.2 illustrates the interaction of following segment place and vowel by
displaying regression coefficients obtained separately for the vowels e and o. In this case
also “palatal” consonants appear to affect the vowel e more than the vowel o (vis-à-vis
dentals), but the differences are much smaller. Somewhat surprisingly in the context of
the findings for preceding segment place reported above, alveolars appear to have a
greater F1 lowering effect (vis-à-vis dentals) on o than they have on e.
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Figure 5.3.3.15.2 Interaction between vowel and following segment place. The two lines link regression
coefficients calculated separately for the vowels e and o. All values are standard deviations.

Figure 5.3.3.15.3 illustrates the interaction of preceding segment manner and vowel by
displaying regression coefficients obtained separately for the vowels e and o. In general,
consonants of most manner categories appear to have a stronger F1 raising influence (visà-vis stops) on the vowel e then on the vowel o. The one clear exception is the preceding
nasal, which affects the back mid vowel much more strongly than the front one.
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Figure 5.3.3.15.3 Interaction between vowel and preceding segment manner. The two lines link regression
coefficients calculated separately for the vowels e and o. All values are standard deviations.

Figure 5.3.3.15.4 illustrates the interaction of following segment manner and vowel by
displaying regression coefficients obtained separately for the vowels e and o. The
differences in this case are not very large. The two biggest ones involve approximants
and trills, which have a greater raising impact on the F1 of e than o (vis-à-vis stops). In a
mirror image, fricatives appear to have a greater F1 lowering influence on e then on o
(vis-à-vis stops).
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Figure 5.3.3.15.4 Interaction between vowel and following segment manner. The two lines link regression
coefficients calculated separately for the vowels e and o. All values are standard deviations.

Summing up our investigation into the interaction of the place and manner interactions, it
would appear that the vowel e undergoes more F1 lowering under the influence of the
consonants with different places of articulation (vis-à-vis dentals), but more F1 raising as
a result of being influenced by consonants with different manners of articulation (vis-àvis stops, with the strong exception of preceding nasals). It would be tempting to
conclude that this indicates that e is more prone to consonantal contextual influences than
o. However, this could only be asserted if dentals and stops are truly appropriate as
reference levels for the place and manner variables, respectively, i.e. the levels at which
the vowels are closest to their idealized context-free realization. This, however, has not
been independently established. It seems however that at least as far as the place
variables are concerned, the lines linking regression coefficients for o do appear to be
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generally “flatter” (and absolutely flats lines with all values equal zero would indicate no
consonantal effects). However, there is no obvious way of verifying this intuition.

A different picture emerges when we consider the interaction between vowel and vowel
duration. It should be recalled that the regression coefficient for duration for F1 of mid
vowels was estimated at 0.0093. The regression coefficients calculated separately for o
and e are 0.013 and 0.0067, respectively. The tokens of o in the validation set varied
between 12-214 ms. in duration, which means that the contribution of the variable
duration to the regression of o varied between 0.156 sd. (0.013*12, approximately 10 Hz)
and 2.782 sd. (0.013*214, approximately 186 Hz). Thus the longest token of o was
estimated to have F1 176 Hz higher than the shortest token of o, which indicates a rate of
change equal to 0.87 Hz per milliseconds (186/(214-12)). The tokens of e varied between
12-380 ms., indicating that the contribution of duration ranged between 0.08 sd.
(0.0067*12, approximately 5 Hz) and 2.55 sd. (0.0067*380, approximately 171 Hz).
Thus the difference between the longest and the shortest token of e was estimated to be
166 Hz, indicating that the rate of change was 0.45 Hz per millisecond (171/(380-12)). 4
Thus the vowel o appear to be more sensitive to changes in duration than the vowel e.

Similarly, o appears to be more sensitive to lexical stress. This is apparent from figure
5.3.3.15.5, which compares regression coefficients calculated separately for o and e for
the three levels of the additional variable stress (cf. section 5.3.3.7). This interaction also
4

Note that the average of these two values of rate of change is 0.66 Hz/ms., very close to the 0.62 Hz/ms.
we estimated for duration for mid vowels in general in section 5.3.3.2. This is of course not accidental.
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significantly increased model fit (R2 increase by 0.0047, p<0.001) and increased the
predictive power of the model (“R2” increase by 0.0115). (As in section 5.3.3.7, these
values are relative to the supplementary model in which the original seven-level variable
syllable position was substituted by the three-level variable stress).
0.1
0
-0.1
e

-0.2

o

-0.3
-0.4
-0.5
unstressed

STRESSED

clitic

Figure 5.3.3.15.5 Interaction between vowel and stress. The two lines link regression coefficients
calculated separately for the vowels e and o. All values are standard deviations.

The overall importance of interactions of the vowel variable with the other variables may
be also assessed by adding all of the above-mentioned interaction terms to the original
validated model (using the original variable syllable position rather than stress for
consistency in this case). The global increase in R2 is 0.0467, and in “R2” (i.e. prediction
accuracy) 0.0416. Thus, we succeed in explaining 4.16-4.67% of variance more when we
consider these interaction terms. This indicates that while the two mid vowels do behave
in roughly similar ways as far as the variability of their first formant is concerned, there
are considerable differences between them.
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5.3.4

Summary

The first formant of mid vowels varies chiefly as a function of its consonantal context
and vowel duration. Although the details concerning the individual variables are not
always fully explainable, the overall picture seems to agree with what could be expected
under the undershoot model of vowel reduction.

A particularly clear example of the target undershoot effect is the strongly F1-lowering
influence of neighboring consonants with a palatal component. Given that the inherent F1
of open-mid vowels could be expected to be higher rather than lower, it appears possible
to say that mid vowels are less reduced in the context of non-palatal consonants, labials
in particular. Increased vowel length also limits reduction (i.e. the scope of F1-raising).

If the same reasoning is applied to the manner variables, we would have to say that
vowels are less reduced in the context of nasal consonants. This is clearly counterintuitive as it is also difficult to imagine that the idealized, context-free pronounciation of
any phonologically non-nasal vowel is nasal. This suggests that the influence of
neighboring nasals on mid vowels should be thought of as reductive, despite the fact that
it results in F1-raising. This conclusion is further supported by the fact that crosslinguistically nasalization as a diachronic process results in the lowering of high and mid
vowels (cf. Wright 1986 for a review of the literature). Likewise, the F1-raising influence
of neighboring laterals should probably also be considered to be reductive. Lateral
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consonants are known to result in vowel mergers in the height dimension, towards the
lower phoneme (for example in English, cf. Labov, Ash and Boberg 2006).

Other factors that result in higher F1-values are lexical stress, high comparative intensity,
normal reading style, appearance in a content word and in a clause-final phonological
word. All of these effects would be independently predicted to correlate with decreased
vowel reduction, as discussed in the relevant sections of this chapter and in chapter 3. F1
raising was also found in vowels following voiced consonants, vowels in postpausal
phonological words and vowels in shorter phonological words. Where available, the
potential explanations were discussed in the relevant sections.

Important interactions were found between the vowel variable and several other
variables, suggesting that the two mid vowels do not behave in a fully uniform way. In
particular, it appears that e is more strongly influenced by the neighboring consonants,
while o is more sensitive to changes in duration. The picture is further complicated by
interactions between other variables. Of course, we cannot preclude the possibility that
when other interactions are concerned, including higher-order interactions, the picture
would become even more complex.
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5.4

The low vowel

Low vowels have inherently high values of the first formant. It is therefore expected that
vowel reduction should uniformly result in F1-lowering.

5.4.1

Selecting the model

There were 1350 tokens of the low vowel a in the entire dataset. Following the
procedures outlined in chapters 2 and 4, they were randomly divided into a training set,
comprising 75% of tokens (1012) and a validation set, comprising 25% of tokens (338).
The training set was used to select an optimal combination of variables, using a
bidirectional automatic search algorithm employing the Akaike Information Criterion.
Since there was only one low vowel, the variable vowel was not included in the search.
Of the twenty-one independent variables considered, sixteen were selected into the
model. They were then used to predict normalized F1 scores for vowel tokens in the
validation set and “R2” was calculated. Predictors were then dropped one-by-one in the
order that reversed the order in which they were selected by the AIC procedure, and “R2”
was recalculated. It was found to be maximized when one more variable was dropped
from the model (prepausal phonological word). Accordingly, the remaining 15
independent variables were used to construct a validated model of the training set.

232
Table 5.4.1.1 shows the independent variables considered, listed in their order of
inclusion in the AIC-based model as well as “R2” values resulting from dropping the
given variable and all lower-ranked variables from the model, with variables included in
the validated model appearing above the thick line. Table 5.4.1.2 compares the statistical
data of the validated model of the training set with the predictions for the validation set
obtained using the same independent variables and the same regression coefficients.
Figures 5.4.1.1 and 5.4.1.2 show the correlations between predicted and obtained values
of the dependent variable in the training set and the validation set, respectively, providing
a graphical illustration of the strength of the relationship.
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Independent variable
duration
preceding segment manner
syllable position
following segment manner
preceding segment place
following segment place
style
syllable content/function
preceding segment voicing
comparative intensity
postpausal phonological word
clause-final phonological word
phonological word size
following segment voicing
number of following consonants

AIC rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

“R2”
n/a
0.2471
0.2943
0.3142
0.3730
0.4210
0.4140
0.4469
0.4562
0.4684
0.4938
0.5025
0.5007
0.5013
0.5035

prepausal phonological word
full AIC model
word frequency
speech rate
word content/function
clause-initial phonological word
subject
vowel

16
n/a
not selected
not selected
not selected
not selected
not selected
n/a

0.5091
0.5070
n/a
n/a
n/a
n/a
n/a
n/a

Table 5.4.1.1 Variable selection for F1 low vowel model. AIC rank refers to the order of inclusion of the
variables in the initial model of the training set using the stepwise AIC algorithm (the AIC model). “R2” is
the correlation between the predicted and the obtained scores in the validation set obtained by dropping the
independent variable listed in the same line and all independent variables with a lower AIC rank. The
maximum “R2” is shown in bold and the bold line separates independent variables included in the validated
model (above the line) from the ones that were not included (below the line).
Statistic
Value
Difference

R2
0.5823
-0.0732

“R2”
0.5091

RSE
0.6465
-0.0386

“RSE”
0.6851

Table 5.4.1.2 F1 in the low vowel. Comparison of the key statistics of the validated model of the training
set and its predictions for the validation set. R2 = squared multiple correlation coefficient of the validated
model of the training set; “R2” = squared correlation coefficient between observed values of duration in the
validation set and values predicted by the validated model of the training set. RSE = residual standard error
of the validated model of the training set; “RSE” = standard deviation of the differences between values
observed in the validation set and values predicted for the validation set by the validated model of the
training set. Difference indicates the difference between the statistics for the validation set and the statistics
for the training set.
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Figure 5.4.1.1 The validated model of F1 of the low vowel. Correlation between F1 values observed in the
training set (horizontal axis) and values predicted for the training set by the 15 predictors included in the
validated model (vertical axis). All values are standard deviations.
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Figure 5.4.1.2 The validated model of F1 of low vowel. Correlation between F1 values observed in the
validation set (horizontal axis) and values predicted for the validation set by the 15 predictors included in
the validation model (vertical axis). All values are standard deviations.

235
As far as the accuracy of the model is concerned, results for the low vowel closely
resemble those obtained for the mid vowels. The difference between R2 and “R2” is
somehow greater in this case, indicating that validation was less successful. However, the
0.073 difference observed is not very far from the 0.05 criterion suggested by Schwab
(2006) for comparing models built separately on two subsets of data, i.e. with regression
coefficients optimized separately for the two subsets. The validation method used here
employs only one set of regression coefficients, optimized for the training set. This
means that the “R2” value obtained for the validation set must be lower. In fact, when a
separate model is constructed for the validation set, using the same set of predictors, but
with regression coefficients optimized, the R2 of the validation set 0.616, i.e. it is within
0.05 of the R2 of the training set (0.5823, i.e. a difference of 0.034).

5.4.2

Categorical regression

The 15 variables that were included in the validated model were used to construct a
categorical regression (CR) model of the training set, so that the relative contribution of
different variables could be meaningfully assessed by comparing regression coefficients
computed on a uniform standardized scale. The R2 of the categorical regression model
was 0.5822, indicating correlation coefficient R=0.763. The key statistics were thus
virtually identical to the values obtained by MLR. Table 5.4.2.1 summarizes the results,
providing also information about the usefulness of each variable calculated for the regular
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multiple regression validated model, as discussed in the preceding section. All values
reported are absolute, i.e. ignoring the sign.

Variable
duration
preceding segment manner
following segment manner
preceding segment place
syllable position
following segment place
syllable content/function
preceding segment voicing
style
intensity
postpausal
phonological word size
number of following cons.
following segment voicing
clause-final

AIC rank
1
2
4
5
3
6
8
9
7
10
11
13
15
14
12

usefulness
0.1076
0.0577
0.0559
0.0386
0.0497
0.0259
0.0115
0.0103
0.0250
0.0098
0.0068
0.0017
0.0009
0.0000
0.0026

b

0
0.4171
0.3535
0.3189
0.2771
0.2471
0.1961
0.1733
0.1726
0.1711
0.1275
0.0931
0.0780
0.0723
0.0677
0.0563

0.4887
0.1992
0.2775
0.1940
0.3308
0.0473
0.0836
0.0488
0.1536
0.2554
0.0857
0.0703
0.0443
0.0990
0.1387

partial
0.5038
0.4188
0.3784
0.3729
0.3252
0.2541
0.2187
0.2256
0.2489
0.1723
0.1369
0.1151
0.0977
0.0935
0.0824

part
0.3770
0.2981
0.2642
0.2597
0.2223
0.1698
0.1448
0.1497
0.1661
0.1131
0.0893
0.0749
0.0635
0.0607
0.0535

Table 5.4.2.1 Comparisons of MLR and categorical regression results, validated F1 low vowel models of
the training set. AIC rank refers to the order of inclusion of the variables in the initial model of the training
set using the stepwise AIC algorithm (the AIC model). Usefulness refers to the drop in R2 of the MLR
validated model when a given variable is dropped. b is the categorical regression regression coefficient, 0 is
the categorical regression zero-order correlation coefficient, partial is the categorical regression partial
correlation coefficient and part is the categorical regression part (semipartial) coefficient. All values are
absolute.

Figure 5.4.2.1 compares the usefulness of predictors, as estimated by MLR, with their
squared semipartial coefficients, as estimated by categorical regression. As can be seen,
the values are similar, in particular if their relative values are considered. This indicates
that the MLR and the CR models are largely equivalent. The only considerable difference
concerns the relative importance of preceding segment place and syllable position. The
former is estimated as greater by categorical regression, the latter by multiple linear
regression.
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Figure 5.4.2.1 F1 of the low vowel. Comparison of the MLR validated model of the training set (variable
usefulness) with the categorical regression model of the training set (squared part correlation, “part2”) built
with the same independent variables.

Figure 5.4.2.2 shows graphically the relative contribution of independent variables to F1
of high vowels estimated by the absolute values of the CR regression coefficients. In this
case, duration appears to have the greatest relative effect, followed closely by the manner
variables and preceding segment place. Syllable position and following segment place
also appear high in the ranking. It should be noticed that with the exception of the vowel
predictor, which was not considered in the case of the low vowels, the top variables for
the low vowel and for the mid vowels (figure 5.3.2.2) are the same; the only difference
lies in their ranking.

238

0.4500

0.4000

0.3500

0.3000

0.2500

0.2000

0.1500

0.1000

0.0500

0.0000
dur

psm

fsm

psp

pos

fsp

scf

psv

style

int

postp

pwsize

fcon

fsv

clausef

Figure 5.4.2.2 Relative impact of predictors on F1 of mid vowels, estimated from the regression
coefficients (b-coefficients) of the CR validated model of the training set. The abbreviations used in this
table were defined in table 2.9.1 in chapter 2.

5.4.3

Individual predictors (MLR)

In this section, we will consider the impact of individual predictors in detail. The basic
information will be provided in standard deviations, but we will also provide Hertz
estimates, obtained using the average standard deviation of high vowels (76 Hz). As was
explained in section 5.1, such values needs to be treated with great caution, as they may
gloss over significant inter-speaker variability.
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5.4.3.1 Intercept

The intercept of the MLR equation was -2.63. In other words, a mid vowel was predicted
to have an F1 lower by 2.63 standard deviations (200 Hz) from its mean value when the
contribution of all variables was equal to 0. As was explained in section 4.3.1, this is a
purely mathematical construct with no inherent meaning, since some of the variables
cannot have the value of 0 (in this case, vowel duration, comparative intensity and
phonological word size).

5.4.3.2 Vowel duration

The MLR validated model estimated the regression coefficient for the continuous
variable vowel duration at 0.0155, significant at p<0.0001. Among the mid vowels in the
training set, duration varied between 10-225 ms.. This indicates that the contribution of
this variable varied between adding 0.16 sd (0.0155*10) to the mean and adding 3.5 sd.
(0.0155*225) to it. In other words, the longest vowel was estimated to have the first
formant 3.3 sd (~ 254 Hz) higher than the shortest vowel. This means that the regression
equation estimated F1 to be raised by 1.18 Hz for each additional millisecond of vowel
duration (254/(225-10)).

In section 5.3.3.15 we estimated the duration-dependent rate of change for the vowel e at
0.45 Hz per millisecond and for the vowel o at 0.87 Hz per millisecond. This leads to an
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interesting generalization: the lower the vowel is, the more sensitive it is to changes in
duration. (Recall that though both e and o are mid vowels, the former is phonetically
higher than the latter, cf. figure 3.1.2). Of course, the fact that high vowels turned out not
to be sensitive to changes in duration at all fits in this picture as well. We will return to
this issue at the end of this chapter.

Potential interaction effects between vowel duration and the place and manner variables,
are discussed in the relevant sections.

5.4.3.3 Preceding segment manner

Figure 5.4.3.3.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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Figure 5.4.3.3.1 MLR-estimated effect of the individual levels of the variable preceding segment manner
on F1 of the low vowel, in standard deviations, with stop as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz, assuming 76
Hz as the average value of standard deviation for the F1 of the low vowel.

The strongest effect of preceding segment manner is that of a preceding nasal consonant,
which results in a strongly raised F1 vis-à-vis preceding stops. Taken at the face value,
this could be taken to indicate that the low vowel is least reduced in the context of a
preceding nasal. This is however, counterintuitive, as we would not expect a contextually
nasalized vowel to most closely approach the idealized target. It seems that the influence
of a preceding nasal should still be taken to be a reductive one, i.e. the F1-raising goes
beyond what would be expected in a context-free realization of the vowel. This conflicts
with some findings about the impact of nasalization on low vowels (Stevens 1998), but is
in agreement with others (Wright 1986). It is likely that in contrast to the uniformly F1raising effect on non-low vowels, the acoustic effect of nasalization on the first formant
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of low vowels differs between languages and speakers; in our case, it appears to be F1raising. 5 The only other difference that is significant is between approximants and the
reference category, stops. In this case, it is possible that the low vowel following
approximants is less reduced than when it follows stops, because approximants involve a
smaller oral constriction than do stops. This account could be perhaps extended to the
(non-significant) F1-raising in the context of a preceding lateral. There are no significant
differences between the impact of the other manner categories and the reference category,
stops.

The inclusion of the interaction term between preceding segment manner and vowel
duration did not significantly improve model fit.

5.4.3.4 Following segment manner

Figure 5.4.3.4.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.

5

This does not imply that the low nasalized vowels in Polish become perceptually more open. Wright
(1986) found nasalized mid vowels to be acoustically more open than nonnasalized ones (i.e. with higher
F1 values), but perceptually less open. To explain this, he speculated that “it is possible that the position of
the first nasal formant with respect to F1 influences perceived vowel height” (Wright 1986:57).
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Figure 5.4.3.4.1 MLR-estimated effect of the individual levels of the variable following segment manner
on F1 of the low vowel, in standard deviations, with stop as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). The abbreviations are as follows: aff. = affricate, fric. = fricative, lat. = lateral,
app. = approximant, nas. = nasal. The numbers in brackets indicate the approximate effect in Hertz,
assuming 76 Hz as the average value of standard deviation for the F1 of the low vowel.

The picture emerging from the examination of the effect of following segment manner
resembles the one seen in the preceding section in the context of preceding segment
manner. In particular, the remarks we made there with regard to nasals apply here as well.
One major difference is that a following trill results in a strongly raised F1 (vis-à-vis
dentals), but a preceding one does not. In addition, approximants are not significantly
different from stops in this case. No clear explanation is apparent for these differences.

The inclusion of an interaction term between following segment manner and vowel
duration significantly improved model fit (increase in R2 by 0.012, p<0.001), but failed
validation (drop in “R2” by 0.01).
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5.4.3.5 Preceding segment place

Figure 5.4.3.5.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment place. Each regression coefficient can be understood as the
amount (in standard deviations) that is added to or subtracted from the value predicted for
the reference category. The reference category is shown in capitals (in this case, dentals).
Levels that are significantly different from the reference level are marked, and their
estimated impact in Hertz is also shown.
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Figure 5.4.3.5.1 MLR-estimated effect of the individual levels of the variable preceding segment place on
F1 of the low vowel, in standard deviations, with dental as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz,
assuming 76 Hz as the average value of standard deviation for the F1 of the low vowel.

The low vowel was estimated to have the lowest F1 values when it was preceded by
alveopalatals, palatals and palatalized consonants; in the case of the first two categories,
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that resulted in a significant difference vis-à-vis dentals. Thus it can be said that the low
vowel is reduced the most in the context of consonants with a palatal component, which
is not surprising and was also observed earlier for mid vowels. Preceding labials and
velars represent the contexts in which the highest F1-values are predicted (significantly
lower than in the context of preceding dentals). It can therefore be said that they represent
the context least conducive to reduction.

It should be recalled at this point that our multiple linear regression analysis may have
underestimated the size of the preceding segment place effect (cf. the comparison of
MLR and CR in figure 5.4.2.1).

The inclusion of the interaction term between preceding segment place and vowel
duration did not significantly improve model fit.

5.4.3.6 Following segment place

Figure 5.4.3.6.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment place. Each regression coefficient can be understood as the
amount (in standard deviations) that is added to or subtracted from the value predicted for
the reference category. The reference category is shown in capitals (in this case, dentals).
Levels that are significantly different from the reference level are marked, and their
estimated impact in Hertz is also shown.
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Figure 5.4.3.6.1 MLR-estimated effect of the individual levels of the variable following segment place on
F1 of the low vowel, in standard deviations, with dental as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz,
assuming 76 Hz as the average value of standard deviation for the F1 of the low vowel.

As was the case with mid vowels, the effects of following segment place on the low
vowel are smaller in size than those of preceding segment place (section 5.4.3.6), but
very similar qualitatively. One difference is that following alveolars, but not preceding
alveolars, condition significantly lower F1 values than dentals. The source of this
difference is unclear. Another difference is that the difference between following palatals
and following dentals is not significant, although it points in the same direction (F1
lowering).
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The inclusion of an interaction term between following segment place and vowel duration
significantly improved model fit (increase in R2 by 0.008, p<0.01), but failed validation
(drop in “R2” by 0.0172).

5.4.3.7

Syllable position

Figure 5.4.3.7.1 presents the MLR-estimated regression coefficients for the levels of the
variable syllable position. Each regression coefficient can be understood as the amount
(in standard deviations) that is added to or subtracted from the value predicted for the
reference category. The reference category is shown in capitals (in this case, vowel in the
penultimate syllable of a non-monosyllabic word). Levels that are significantly different
from the reference level are marked, and their estimated impact in Hertz is also shown.
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Figure 5.4.3.7.1 MLR-estimated effect of the individual levels of the variable syllable position on F1 of
the low vowel, in standard deviations, with penultimate syllable as the reference category (shown in
capitals). If applicable, the fact that the given level is statistically significantly different from the reference
level is shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz,
assuming 76 Hz as the average value of standard deviation for the F1 of the low vowel.

Vowels in penultimate syllables are predicted to have the highest F1 values. Vowels in
non-clitic monosyllables are not significantly different from them. Vowels in these two
positions are expected to carry lexical stress, and the current data show that they are less
reduced than unstressed vowels (with the exception of the fact that the difference
between vowels in penultimate syllables on the one hand and vowels in proclitics and
“other” syllables is not significant. These findings replicate the findings concerning the
role of stress in vowel reduction in other languages (cf. Nord 1986 and Harris 1978).
Except for details, they are also very similar to the findings for mid vowels reported
earlier (cf. section 5.3.3.7).
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As was the case with mid vowels, the effect in question becomes even clearer if instead
of considering each syllable position individually, we use a three way distinction between
stressed syllables (monosyllables and penultimates), clitics (enclitics and proclitics) and
unstressed syllables (all the others). This simplification results in a slightly reduced
model fit (R2 and “R2” both drop by 0.01), but graphically the effect of lexical stress is
clearer, as shown in figure 5.4.3.7.2. The picture that emerges is very similar to that
obtained for mid vowels (cf. figure 5.3.3.7.2), with clitics displaying an intermediate
degree of reduction between stressed and unstressed vowels, with non-significant
differences from the stressed vowels. It should also be noticed that the stress-related
variability of the low vowel matches more closely that of the vowel o, which is nearer to
it in the F1 dimension. As was shown in figure 5.3.3.15.5, when the two mid vowels are
considered separately, e is found to actually have slightly lower F1 values in clitics than
in stressed syllables.
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0
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-0.4
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-0.6
unstressed*** (-39)

clitic (-10)

STRESSED

Figure 5.4.3.7.2 MLR-estimated effect of the individual levels of the supplementary variable stress on F1
of the low vowel, in standard deviations, with stressed as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). Stressed vowels are vowels in penultimate syllables and non-clitic
monosyllables, clitic vowels are vowels in enclitic and proclitics and unstressed vowels are all the other.
The numbers in brackets indicate the approximate effect in Hertz, assuming 76 Hz as the average value of
standard deviation for the F1 of the low vowel.

Using this simplified validation model, we considered interactions between stress and the
preceding and following segment place. Both significantly improved model fit at the 0.05
level (increases in R2 by 0.008 and 0.01, respectively). The former improved prediction
(increase in “R2” of the validation set by 0.005), while the latter decreased it minimally
(drop in “R2” of the validation set 0.001). We will consider them both in detail. To do so,
separate models were created for stressed and unstressed vowels (the number of vowels
in clitics was very small, with many place categories missing). The source of the placestress interaction can be assumed to lie in those categories for which regression
coefficients differ the most. It has to be remembered that what can be examined in this
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way is the difference between the differences between the place categories and the
reference level (dentals) within the two stress categories. The fact that for a given level of
the place variable a higher or lower standardized F1 value is predicted for one of the
stress categories does not indicate such a difference in absolute terms.

Figure 5.4.3.7.2 shows the interaction between preceding segment place and stress.
Clearly, the source of the interaction effect lies in the differences observed for the
palatalized, palatal and velar categories. In the first two cases, stressed vowels undergo
less F1-lowering (vis-à-vis dentals). In the case of velars, stressed vowels undergo less
F1-raising (vis-à-vis dentals) than unstressed vowels.
1
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Figure 5.4.3.7.2 Interaction between stress and preceding segment place. The two lines link regression
coefficients calculated separately for the stressed and the unstressed tokens of the low vowel a. All values
are standard deviations.
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Figure 5.4.3.7.3 shows the interaction between following segment place and stress. These
results are difficult to interpret, but it is clear that while for stressed vowels alveopalatals
and alveolars appear to pattern together against the other place categories (strong
lowering of F1), for unstressed vowels the F1-lowering group (vis-à-vis other place
categories) also includes dentals and palatalized consonants. One possibility that has to
be borne in mind in this context is that stress might affect consonants as well as vowels in
differential ways. Different realizations of the consonantal gestures in the stress
conditions could result in different interactions with vowels.
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Figure 5.4.3.7.3 Interaction between stress and following segment place. The two lines link regression
coefficients calculated separately for the stressed and the unstressed tokens of the low vowel a. All values
are standard deviations.
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5.4.3.8 Syllable content/function status

The low vowel was found to have a lower F1 value in function syllables than in content
syllables, by 0.36 sd (~27 Hz); the effect was significant at p<0.001. This can be
interpreted as indicating that the low vowel is less reduced in content syllables,
confirming the effect that has been found in other languages for the content/function
distinction in words (e.g. van Bergem 1993 for Dutch). An interesting and puzzling
question is why in this case it was the syllable-based variable that was found to be
important, since the word-based one was also included in the predictor space and was
actually selected in the case of mid vowels. Note that in both cases, the effects are similar
in size (cf. section 5.3.3.10).

5.4.3.9 Preceding segment voicing

The low vowel was found to have F1 value 0.38 sd (~29 Hz) higher after voiceless
consonants than after voiced consonants; the effect was significant at p<0.001. A very
similar effect was observed for mid vowels (cf. section 5.3.3.8). The same two possible
explanations that were sketched in that context may be applicable in this case
(underestimation of the duration of vowels after voiceless consonants and acoustic
coupling between the vocal tract and the subglottal cavity due to the assimilation by the
vowel of the large glottal opening typical of some voiceless segments).
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5.4.3.10 Speech style

Figure 5.4.3.11.1 presents the MLR-estimated regression coefficients for the levels of the
variable style. Each regression coefficient can be understood as the amount (in standard
deviations) that is added to or subtracted from the value predicted for the reference
category. The reference category is shown in capitals (in this case, normal reading style).
Levels that are significantly different from the reference level are marked, and their
estimated impact in Hertz is also shown.
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-0.35
-0.4
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narrative*** (-30)

fast*** (-20)

NORMAL

Figure 5.4.3.10.1 MLR-estimated effect of the individual levels of the variable style on F1 of the low
vowel, in standard deviations, with normal reading as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz,
assuming 76 Hz as the average value of standard deviation for the F1 of mid vowels.
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The relative effect of style on F1 of low vowels is the same as on F1 of mid vowels (cf.
5.3.3.11). Highest F1 values are seen in the normal reading style, reflecting most limited
reduction in what appears to be the most “formal” of the three styles (cf. Koopmans-van
Beinum 1980), lower in the fast reading style and lowest still in the narrative style.
However, for mid vowels the difference between the fast and the normal style was very
small and non-significant; for the low vowel, the fast reading style is significantly
different from the normal reading style and appears to pattern with the narrative style
instead.

5.4.3.11 Comparative intensity

The MLR validated model estimated the regression coefficient for the continuous
variable comparative intensity at 2.15, significant at p<0.0001. For the low vowel in the
training set, comparative intensity varied between 0.78-1.35. This indicates that the
contribution of this variable varied between adding 1.68 sd (2.15*0.78) to the intercept
and adding 2.9 sd. (2.15*1.35) to it. In other words, the vowel with the highest
comparative intensity was estimated to have the first formant 1.22 sd (~93 Hz) higher
than the vowel with the lowest comparative intensity.

Comparative intensity is likely to correlate positively with the degree of opening of the
vocal tract. In this context, it is not surprising that vowels with higher comparative
intensity have a higher F1 than vowels with lower comparative intensity (cf. figure 3.5.1).
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For the low vowel, this indicates that vowels with more intensity are less reduced. To the
extent that this variable may correlate with accent and emphasis, this is an expected
result. It is notable that the size of the effect is almost identical to that observed for the
mid vowels (cf. section 5.3.3.9).

5.4.3.12 Postpausal phonological word

The low vowel was found to have a higher F1 value in postpausal phonological words, by
0.22 sd (~ 17 Hz), significant at p<0.01. This effect is almost identical in size to the one
observed for mid vowels and its interpretation raises the same problems (cf. section
5.3.3.12).

5.4.3.13 Phonological word size

The MLR validated model estimated the regression coefficient for the ordinal variable
phonological word size at -0.05 This effect was nearly significant (p<0.1). Phonological
word size varied between 1-9 syllables. This indicates that the contribution of this
variable varied between subtracting 0.05 sd (-0.05*1) from the intercept and subtracting
0.45 sd. (-0.05*9) from it. In other words, vowels in the shortest phonological words were
estimated to have the first formant 0.4 sd (~30 Hz) higher than the vowel in the longest;
that is, the F1 value was lowered by approximately 4.3 Hz with each additional syllable
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in the phonological word. It is not clear what the source of this effect, but it resembles the
one found for mid vowels (cf. section 5.3.3.14).

5.4.3.14 Number of following consonants

The MLR validated model estimated the regression coefficient for the ordinal variable
number of following consonants at -0.07. Although this variable passed the AIC search
and validation, the regression coefficient was not significantly different from 0 and has to
be treated with caution. Between 0-3 consonants followed the low vowel in the same
word before another vowel. This indicates that the contribution of this variable varied
between subtracting nothing (-0.07*0) from the intercept and subtracting 0.21 sd.
(-0.07*3) from it. In other words, vowels followed by no consonants had F1 0.21 sd.
(approximately 16 Hz) higher than vowels followed by three consonants. Thus the F1
value was lowered by approximately 5.3 Hz with each additional following consonant.
To the extent that the number of following consonants reflects syllable structure, this may
indicate less reduction in open syllables.

5.4.3.15 Following segment voicing

The low vowel was found to have a higher F1 value when followed by voiceless
consonants, by 0.1 sd (~ 8 Hz). This effect was not significant. The source of this effect is
unclear. It may be relevant that the both mid and low vowels were found to have higher
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F1 values after voiceless consonants (cf. sections 5.3.3.8 and 5.4.3.9). The account
relating this effect to the vowel’s assimilation of the large glottal opening of a
neighboring voiceless consonant may be applicable in this case as well (cf. 5.3.3.8).

5.4.3.16 Clause-final phonological word

Vowels appearing in clause-final phonological words were found to have higher F1
values than vowels in non-clause final phonological words, by 0.12 sd (~9 Hz). This
effect was significant at p<0.05. It is possible that vowels in clause-final phonological
words were less reduced because such words are more likely to convey new information
in an SVO language like Polish. The same effect with very similar size was earlier found
for mid vowels (cf. section 5.3.3.13).

5.4.4

Summary

The variation of the first formant of the low vowel a was found to be driven largely by
the same factors as the same variation in mid vowels. In fact, virtually all the variables
that were selected into the validated model of the mid vowels were also selected into the
validated model of the low vowels. The only exception was the variable vowel, which
was not considered in the case of the low vowel, and the variable word content/function.
However, the validated model of F1 in the low vowel included the variable syllable
content/function. In addition, it included two other variables that were not selected in the
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case of mid vowels: number of following consonants and following segment voicing. 6
The overall ranking of variables was very similar, many of the effects found were similar
in size in the two models, and both models were equally different from the model for
high vowels.

As was the case with mid vowels, the first formant of the low vowel varies mostly as a
function of consonantal context and vowel duration. Long vowels in non-palatal contexts
(and in particular in labial and velar contexts) have the highest F1 values, i.e. are the least
reduced. For the low vowel, higher F1 values are also facilitated by lexical stress, high
comparative intensity, normal reading style, content syllables, clause-final phonological
words and more open syllables. With the exception of the last of these variables, the same
effects were observed for the mid vowels.

When the manner variables are considered, the highest F1 values are observed after and
before nasal consonants. The same effect was observed for mid vowels.

In another similarity to mid vowels, higher F1 values were found in vowels following
voiced consonants, vowels in postpausal phonological words and vowels in shorter
phonological words. For the low vowel, following voiceless consonants also condition
higher F1 values. Where available, potential explanations for these effects were sketched
in the appropriate sections.
6

The latter was actually selected by the AIC procedure for the mid vowels, but failed validation (cf. table
5.3.1.1).
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5.5

General discussion

In this section we will attempt to synthesize the findings reported in this chapter. We will
first consider the place variables and vowel duration, comparing their role to Lindblom’s
(1963) original model of vowel reduction. We will then in turn discuss other phonetic and
phonological variables and finally nonphonetic variables.

5.5.1 Consonant place and duration

Lindblom’s (1963) model of vowel duration was based on a study of a number of vowels
spoken by a single male speaker of Swedish within a carefully controlled experimental
design. All vowels were spoken in CVC words, in which both consonants were identical
voiced stops b, d and g. The design of the current study is rather different. However,
some comparisons can be made because the regression coefficients we obtain from
multiple linear analysis present the unique contribution of variables to the model. This is
essentially equivalent to controlling for other variables.

Our findings concerning the role of duration in Polish vowel reduction suggest that its
importance is inversely related to vowel height. It seems to play no role for high vowels.
For non-high vowels, its importance increases as the vowel’s F1 gets higher. This can be
illustrated by invoking our estimates of duration-related rate of change (cf. sections
5.3.3.2 and 5.4.3.2). As was reported earlier, it could be estimated at 0.45 Hz/ms. for e,
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0.87 Hz/ms. for o and 1.18 Hz/ms. for a. (Recall that although both e and o are mid
vowels, the former seems to have an inherently lower first formant).

The observation concerning the non-role of duration in the reduction of high vowels
directly confirms Lindblom’s (1963) claims (summarized in section 1.1). Comparing the
effect of duration on non high vowels is much more difficult, as Lindblom’s
mathematical formulas are highly complex. The approach we took here was to plug in
formant values into Lindblom’s formulas and calculate the duration-related rates of
change. We abstracted away from differences in the consonantal context by considering
the average rate-of-change values.

Choosing the appropriate formant values to represent the three non-high vowels
presented a difficulty, as Lindblom’s formulas rely on explicit target formant frequencies.
In this work, these are not directly known. Since there are reasons to assume that the F1
target frequencies of non-high vowels are relatively high, we decided to estimate them by
using the grand means of vowel formant frequencies for a given vowel to which one
average standard deviation was added. This yielded the values 559 Hz for e, 612 Hz for o
and 716 Hz for a, averaged across all four speakers.

For each vowel, we plugged the target values estimated in this way into Lindblom’s
equations. For each consonantal context, we calculated two formant values, using the
highest and the lowest duration value observed in our data for the given vowel. Next, we
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calculated the rate of change by subtracting the latter value from the former and dividing
it by the difference in duration between the longest and the shortest vowel. Finally, we
averaged these values across consonantal context. In this way, we obtained rates of
change that Lindblom’s equations predict for three vowels with formant values
comparable to the ones observed in the current study. Figure 5.5.1 compares these values
with the rates of change we estimated for the Polish vowels using MLR regression
coefficients for duration.
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Figure 5.5.1 Duration related rates of change for non-high vowels estimated using the equations in
Lindblom (1963) and MLR analysis of the Polish data. The values are in Hertz per millisecond. Refer to the
text for details.

As can be seen, Lindblom’s equations also predict that the duration-related rate of
formant change increases as vowels become more open. In fact, considering the
numerous differences between Lindblom’s methodology and ours, the similarity of these
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results is striking and can be taken as a general confirmation of Lindblom’s finding on
the role of duration in vowel reduction in the F1 domain. 7

It is more difficult to compare consonant-place related differences observed in our study
with Lindblom’s model. Unlike our regression coefficients, Lindblom’s equations do not
provide an estimate of place effect independently of duration. Nonetheless, for each nonhigh vowel regardless of duration, Lindblom’s equations predict that given the three
different contexts, the highest F1 values will be found in vowels surrounded by bilabial
consonants. Surrounding velars are predicted to condition F1 values slightly higher than
dentals but lower than labials at short durations. At longer durations, they are predicted to
condition F1 values slightly lower than dentals.

Table 5.5.1 presents the sums of the MLR-estimated regression coefficients for preceding
and following labial consonants and for preceding and following velar consonants for
mid and low vowels. These numbers thus represent the estimated differences between
vowels surrounded by labial consonants and vowels surrounded by dental consonants (the
reference category) on the one hand, and between vowels surrounded by velar consonants
and vowels surrounded by dental consonants on the other. This is the closest

7

The fact that the rates of change estimated from Lindblom’s equations are higher than the ones observed
in this study may be due to many factors. One obvious possibility is that this is due to language difference
between Polish and Swedish. It is also likely that there are individual differences between speakers. In fact,
when Lindblom’s equations are used to predict rates of change for individual speakers (using their
estimated target formant values) it is clear that this is the case. However, in each individual case the overall
ranking is the same.
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approximation to Lindblom’s experimental stimuli that is possible with our data. (For
clarity, we use in this context Hertz values estimated from average standard deviations).

Context
Labial (vs. dental)
Velar-(vs. dental)

Mid
24
5

Low
44
48

Table 5.5.1 MLR-estimated differences between vowels surrounded by labial consonants and by dental
consonants and between vowels surrounded by velar consonants and by dental consonants. The values are
sums of regression coefficients obtained for preceding and following consonants with the given place of
articulation, converted into Hertz using average values of standard deviations for given class of vowels.

As can be seen, in our data we have found the F1-raising effect of surrounding labials
(vis-à-vis dentals) that is predicted by Lindblom’s equations. We did not, however,
replicate his findings with regard to velar consonants. It is possible that this is a result of
language-specific differences in the articulation of these consonants between Polish and
Swedish. Of course, we cannot compare the effect of other place categories, since
Lindblom’s study only considered dentals, labials and velars.

5.5.2

Other phonetic and phonological variables

The manner of neighboring consonants was found to be a strong predictor of vowel
reduction. It was found to affect vowels of all heights. This effect seemed to be mostly
due to the strongly F1-raising effect of sonorants of certain types (nasals, trills and
laterals). The relationship of these effects to previous findings on other languages was
discussed above in the relevant sections.
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Comparative intensity was also found to be a good predictor of vowel reduction for
vowels of all heights. In each case, a positive relationship was found between intensity
and F1. Since both intensity and the first formant can be assumed to be directly correlated
with the degree of vocal tract opening, this is not surprising. The most interesting
question, however, remains: what was the cause of the variations in intensity? To the
extent that increased intensity may have corresponded with accentuation and emphasis, it
could be said to illustrate the limiting effect of such factors on the reduction of mid and
low vowels, but the situation is less clear for high vowels (cf. section 5.2.3.6).

For the low and mid vowels, syllable position was found to be a good predictor of vowel
reduction. In Polish it is related to lexical stress, and these vowels appeared to be less
reduced in syllables that could be expected to carry lexical stress. No such effect was
found for high vowels. These in turn were unique in showing an effect of speech rate
which escapes full explanation (cf. section 5.2.3.8).

Other phonetic and phonological variables that were selected into at least one model
included number of following consonants, voicing and phonological word size. They
were found to affect either both the low vowel and the mid vowels, or just the former. In
neither case did they turn out to be good predictors of vowel reduction in high vowels.
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The vowel variable was selected into the model for mid vowels, suggesting that they do
not fully behave as a class. There was also some evidence of vowel-differential behavior
among the high vowels discovered through the analysis of interactions.

5.5.3

Other relevant variables

Vowels were found to be the least reduced in the most formal of the three speech styles
used by the subjects, normal reading. This replicates Koopmans-van Beinum’s (1980)
findings for Dutch. The content/function distinction, which had also been found to be
correlated with vowel reduction in other languages (e.g. van Bergem 1993) also played a
role. However, in the case of mid vowels, it was the word-based predictor that was
selected, and in the case of the low vowel, the syllable based one. No explanation is
apparent for this difference. Mid and low vowels were also found to be less reduced in
clause-final phonological words and postpausal phonological words. The former effect,
but not the latter, could reflect syntactic structure.

None of the predictors mentioned in the preceding paragraph was useful in the case of
high vowels. However, high vowels were found to have lower F1 values in prepausal
phonological words. The source of this effect is not fully clear; it may, however, reflect
more limited reduction in a specific syntactic context (cf. the discussion in section
5.2.3.7). This variable was not found useful in the case of mid and low vowels.
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John Ohala (personal communication) points out that the pause-related and domainrelated variables may be correlated with formant variability for another reason. It is well
known that there is some correlation between pitch and the vertical position of the larynx
(see Ohala 1972 for a review). The vertical position of the larynx is in turn correlated
with the size of the vocal tract: the higher the larynx, the smaller the vocal tract.
Decreasing the size of the vocal tract affects its resonances, making them higher. We
could therefore expect some correlation between pitch and formant values. Pitch
declination is a well known phenomenon (see Noteboom 1997 for a review). It leads us to
expect higher pitch values domain-initially (clause-initially and postpausally) and lower
pitch values domain-finally (clause-finally and prepausally). Consequently, we can also
expect higher formant values in the former case and lower formant values in the latter.
We have observed higher F1 values in postpausal mid and low vowels and lower F1
values in prepausal high vowels; these findings are compatible with this explanation.
However, we have also observed higher F1 values in clause-final mid and low vowels,
which is contrary to our predictions.

5.5.4

Variables not selected into any model

The variable subject was not selected into any model. This indicates both that the
standardization procedure we used succeeded in eliminating vowel-formant variation due
to differences between the individual subjects’ vocal tracts, and that the subjects did not
employ different vowel reduction strategies.
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Word frequency was also not selected into any model. This may be surprising given the
fact that frequency has been found to play a role in reductive processes in other languages
(e.g. Jurafsky et al. 2001, Byebee 2000, Gahl 2006). However, Wright and Kilansky
(2006) have recently argued that the role of frequency cannot be adequately considered
without taking into account the more complex notion of “difficulty”, which is a function
of frequency and neighborhood density. We did not investigate the latter factor in this
work.

The only other variable that was not selected into any model was clause-initial
phonological word.

5.5.5

Conclusions

To a large extent, our findings agree with Lindblom’s (1963) model of vowel undershoot.
As predicted by Lindblom, no evidence for duration-dependent undershoot was found in
high vowels. For other vowels, the role of duration was found to be closely related to
vowel height, which also agrees with Lindblom’s predictions. Given that the F1 loci of
consonants of all places of articulation are likely to be low, the general pattern appears to
be that the role of duration increases as the distance between the locus frequency of the
consonant and the target frequency of the vowel increases. In particular, the higher the F1
target frequency of the vowel, the higher is the duration-dependent rate of change of the
first formant. To the extent that the first formant frequency conveys information about
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articulator movement, this can be interpreted as indicating that the more open the vowel
is, the faster is the required speed of articulator movement.

In addition to the place variables and duration, strong effects of manner were also
observed. We also found smaller but non-negligible effects of such factors as stress,
speech style and the content/function distinction (as well as some others). It is interesting
to note that, like duration, these non-phonetic factors were also restricted to non-high
vowels. In fact, in the case of high vowels, the fewest predictors were selected into the
model and the accuracy of the model was the lowest.
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6

Second formant

In this chapter, we will present statistical models accounting for the variability of the
second formant in the vowels in our dataset. In constructing the models, we will follow
the procedures outlined in chapter 2 and exemplified in the preceding chapters by our
discussion of the models of vowel duration and F1. As was the case with F1, we will also
employ standardized scores in our analysis of F2.

In the light of Lindblom’s (1963) undershoot model of vowel reduction, analyzing the
context-related variability of the second formant poses more problems than the analysis
of the first formant. In the latter case, consonants at all the relevant places of articulation
can be expected to lower the formant frequency of all non-high vowels, while little
undershoot is predicted for high vowels. When the horizontal component of the twodimensional vowel space is considered, the situation is different. This is because the
impact of a given consonantal constriction depends on its location with regard to the
velocity nodes and antinodes of the second natural resonance of the vocal tract (raising
vs. lowering, respectively). As shown in figure 6.1, two nodes and two antinodes have to
be considered in this case (cf. figure 5.1 for the simpler case of the first formant). Thus
while some consonants can be expected to have a strong F2-raising effect because they
are articulated with constrictions located close to the velocity nodes (e.g. those with a
palatal component), others could be predicted to have an F2-lowering effect because of
being located close to the velocity antinodes (e.g. labials).
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Glottis

Velum

Palate

Lips

Figure 6.1 Locations of velocity antinodes (where the two sine waves are the furthest apart) and nodes
(indicated by the intersections of the sine waves) in the second natural resonance of the vocal tract (F2).
Based on Johnson’s (2003:109) adaptation of Chiba and Kajiyama’s (1941) illustrations and on Ohala
(2001).

The consequence of this is that our models may not adequately capture the role of vowel
duration. Within the undershoot model, increased duration inhibits vowel reduction by
counteracting the consonantal influence. In the case of F1 of mid and low vowels,
regression coefficients for the variable duration were positive, indicating an F1-raising
effect counteracting the F1-lowering effects of neighboring consonants. For F2, we can
predict that increased vowel duration will result in F2 increase in F2-lowering contexts,
and F2 decrease in F2-raising contexts. As a result, a single regression coefficient for
duration will, at best, partially capture the role of duration in some consonantal contexts.
At worst, it will be meaningless.

In other words, to appreciate the role of duration in F2 variability we have to carefully
consider the way it interacts with other variables, in particular the place variables. To this
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end, for each model we will divide the preceding and the following segments into placedefined classes whose MLR-estimated effects on the second formant appear to be
relatively homogeneous. We will then

compute separate models for these different

consonantal contexts and compare regression coefficients for duration obtained in this
way. We will use this method regardless of whether we find that the interaction of
duration and a place predictor significantly improves model fit and improves prediction
of the given model. However, in the cases in which fit and prediction are not improved,
we will not treat the results obtained as conclusive.

There are problems with the interpretation of such variables as lexical stress, speech
style, frequency and the context/function distinction that parallel the problems related to
the interpretation of the role of vowel duration. This is because at some level of these
variables (e.g. stressed syllables) vowels would be predicted to be less affected by
consonantal context. But what “less affected” means depends on what the precise place of
articulation of the consonants in question is. We will therefore consider interactions of
these variables and the place variables, even if these variables themselves are not selected
into our models. If a given interaction is found to significantly improve model fit and to
improve prediction, we will investigate it in detail by calculating separate regression
coefficients for different consonantal contexts.

In addition, we will also consider potentially important interaction terms involving other
variables that are selected into our models.
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6.1

Standardization

The F2 data were standardized for each intersection of the levels of the variables subject
and vowel. That is to say, the entire dataset was divided into groups representing a single
vowel phoneme spoken by a single speaker (twenty-four in total, since there were four
speakers and six vowel phonemes). For each of these groups, the mean was calculated. It
was then subtracted from each individual score, and the results were divided by the
standard deviation for each group. The end product of this procedure are z-scores, which
express the magnitude (in standard deviations) and the direction (through the sign) of the
difference between a given result and the mean for the given group. For each group, the
mean of z-scores is 0, and the standard deviation is 1.

Table 6.1.1 presents the mean F2 values and standard deviations for each vowel of each
subject that were used to standardize the scores. It also shows the mean standard
deviations for each vowel (calculated by averaging the standard deviations of individual
subjects).
vowel
i
e
y
a
o
u

m1
mean
2006
1601
1559
1352
1148
1120

sd
190
210
169
134
154
265

m2
mean
2075
1620
1646
1381
1199
1111

sd
173
203
198
151
157
273

w1
mean
2369
1800
1629
1525
1239
1001

sd
216
311
207
153
161
261

w2
mean
2567
1980
1881
1626
1296
1103

average sd
sd
200
327
244
209
208
288

195
263
204
162
170
272

Table 6.1.1 F2 means and standard deviations for individual subjects’ individual vowels, used to
standardize the data, as well as mean standard deviations for each vowel (averages of the subjects’ standard
deviations). All values are in Hertz.
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In the discussions that follow, we will be referring primarily to z-scores. However, in
order to make it easier to directly assess the scope of a given effect in real terms, we will
also informally reconvert z-scores to scores in Hertz, using average standard deviations
for each class of vowels, calculated by averaging the average standard deviations for each
vowel. These values are 229 Hz for the front vowels i and e, 183 Hz for the central
vowels y and a and 221 Hz for the back vowels o and u. Thus, we might say that a given
variable lowers the F2 of front vowels by 1 standard deviation (sd), i.e. approximately
229 Hz. It has to be remembered that this last value will always be only a gross
approximation, as in reality, due to the inter-speaker differences, one standard deviation
does not mean exactly the same thing for different vowels of different subjects.

6.2

Front vowels

6.2.1

Selecting the model

There were 1568 front vowels i and e in the entire dataset (see section 3.1 for a detailed
breakdown). Following the procedures outlined in chapters 2 and 4, they were randomly
divided into a training set, comprising 75% of tokens (1176) and a validation set,
comprising 25% of tokens (392). The training set was used to select an optimal
combination of variables, using a bidirectional automatic search algorithm employing the
Akaike Information Criterion. Of the twenty-two independent variables considered,
twelve were selected into the model. They were then used to predict normalized F2
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scores for vowel tokens in the validation set and “R2” was calculated. Predictors were
then dropped one-by-one in the order that reversed the order in which they were selected
by the AIC procedure, and “R2” was recalculated. It was found to be maximized when six
more variables were dropped from the model. Accordingly, the remaining 6 independent
variables were used to construct a validated model of the training set.

Table 6.2.1.1 shows the independent variables considered, listed in their order of
inclusion in the AIC-based model as well as “R2” values resulting from dropping the
given variable and all lower-ranked variables from the model, with variables included in
the validated model appearing above the thick line. Table 6.2.1.2 compares the statistical
data of the validated model of the training set with the predictions for the validation set
obtained using the same independent variables and the same regression coefficients.
Figures 6.2.1.1 and 6.2.1.2 show the correlations between predicted and obtained values
of the dependent variable in the training set and the validation set, respectively, providing
a graphical illustration of the strength of the relationship.
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Independent variable
preceding segment place
following segment place
preceding segment manner
vowel
following segment manner
speech rate

AIC rank
1
2
3
4
5
6

“R2”
n/a
0.3097
0.3731
0.4737
0.5041
0.5237

syllable position
syllable content/function
speech style
word content/function
prepausal phonological word
word frequency
full AIC model
phonological word size
duration
comparative intensity
number of following consonants
preceding segment voicing
postpausal phonological word
following segment voicing
clause-initial phonological word
clause-final phonological word
subject

7
8
9
10
11
12
n/a
not selected
not selected
not selected
not selected
not selected
not selected
not selected
not selected
not selected
not selected

0.5393
0.5275
0.5312
0.5336
0.5359
0.5338
0.5297
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Table 6.2.1.1 Variable selection for F2 front vowels model. AIC rank refers to the order of inclusion of the
variables in the initial model of the training set using the stepwise AIC algorithm (the AIC model). “R2” is
the correlation between the predicted and the obtained scores in the validation set obtained by dropping the
independent variable listed in the same line and all independent variables with a lower AIC rank. The
maximum “R2” is shown in bold and the bold line separates independent variables included in the validated
model (above the line) from the ones that were not included (below the line).
Statistic
Value
Difference

R2
0.5592
-0.02

“R2”
0.5393

RSE
0.6542
0.037

“RSE”
0.691

Table 6.2.1.2 F2 in front vowels. Comparison of the key statistics of the validated model of the training set
and its predictions for the validation set. R2 = squared multiple correlation coefficient of the validated
model of the training set; “R2” = squared correlation coefficient between observed values of F1 in the
validation set and values predicted by the validated model of the training set. RSE = residual standard error
of the validated model of the training set; “RSE” = standard deviation of the differences between values
observed in the validation set and values predicted for the validation set by the validated model of the
training set. Difference indicates the difference between the statistics for the validation set and the statistics
for the training set.
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Figure 6.2.1.1 The validated model of F2 of front vowels. Correlation between F2 values observed in the
training set (horizontal axis) and values predicted for the training set by the 6 predictors included in the
validated model (vertical axis). All units are standard deviations.

2.5

2

1.5

2

R = 0.5393
1

0.5

0

-0.5

-1

-1.5

-2

-2.5
-4

-3

-2

-1

0

1

2

3

4

Figure 6.2.1.2 The validated model of F2 of front vowels. Correlation between F2 values observed in the
validation set (horizontal axis) and values predicted for the validation set by the 6 predictors included in the
validated model (vertical axis). All units are standard deviations.
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As can be seen from the data reported above, the validation of the model was rather
successful, with small differences between the corresponding statistics for the training set
and the validation set. The R2 values of 0.5393-0.5592 indicate that the correlation
coefficient R is between 0.73-0.75, which suggests a fairly strong linear relationship
between the dependent variable and the predictors.

6.2.2

Categorical regression

The 6 predictors that were included in the validated model were used to construct a
categorical regression (CR) model of the training set, so that the relative contribution of
different variables could be meaningfully assessed by comparing regression coefficients
computed on a uniform standardized scale. The R2 of the categorical regression model
was 0.5567, indicating correlation coefficient R=0.746. The key statistics were thus very
similar to the values obtained by MLR. Table 6.2.2.1 summarizes the results, providing
also information about the usefulness of each variable calculated for the regular multiple
regression validated model, as discussed in the preceding section. All values reported are
absolute, i.e. ignoring the sign.
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Variable
preceding segment place
following segment place
preceding segment manner
vowel
following segment manner
speech rate

AIC rank
1
2
3
4
5
6

usefulness
0.2246
0.0842
0.058
0.0298
0.0221
0.0092

b

0
0.653
0.331
0.230
0.200
0.195
0.08

0.575
0.200
0.371
0.029
0.152
0.071

partial
0.647
0.428
0.314
0.255
0.266
0.118

part
0.565
0.315
0.220
0.176
0.184
0.079

Table 6.2.2.1 Comparisons of MLR and categorical regression results, validated F2 front vowel models of
the training set. AIC rank refers to the order of inclusion of the variables in the initial model of the training
set using the stepwise AIC algorithm (the AIC model). Usefulness refers to the drop in R2 of the MLR
validated model when a given variable is dropped. b is the categorical regression regression coefficient, 0 is
the categorical regression zero-order correlation coefficient, partial is the categorical regression partial
correlation coefficient and part is the categorical regression part (semipartial) coefficient. All values are
absolute.

Figure 6.2.2.1 compares the usefulness of predictors, as estimated by MLR, with their
squared semipartial coefficients, as estimated by categorical regression. The relative
values of these two indicators appear to be similar enough to justify treating MLR and
categorical regression as equivalent.
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0.35

0.3

0.25

0.2
use.
part2
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0.1

0.05

0

psp

fsp

psm

vowel

fsm

speech rate

Figure 6.2.2.1 F2 of front vowels. Comparison of the MLR validated model of the training set (variable
usefulness) with the categorical regression model of the training set (squared part correlation, “part2”) built
with the same independent variables.

Figure 6.2.2.2 shows graphically the relative contribution of independent variables to F2
of front vowels estimated by the absolute values of the CR regression coefficients. As can
be seen, preceding segment place emerges as by far the strongest predictor of F2 in front
vowels. Its impact is approximately twice as strong as that of following segment place,
which in turn has a slightly stronger influence than the manner variables and the vowel
variable. The last predictor, speech rate, does not have a very strong impact.
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Figure 6.2.2.2 Relative impact of predictors on F2 of front vowels, estimated from the regression
coefficients (b-coefficients) of the CR validated model of the training set. The abbreviations used in this
table were defined in table 2.9.1 in chapter 2.

6.2.3

Individual predictors (MLR)

6.2.3.1 Intercept

The intercept of the MLR equation was -0.155. In other words, a front vowel was
predicted to have an F2 lower by 0.155 standard deviations (35 Hz) from its mean value
when the contribution of all variables was equal to 0. As was explained in section 4.3.1,
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this is a purely mathematical construct with no inherent meaning, since some of the
variables cannot have the value of 0 (in this case, speech rate).

6.2.3.2 Preceding segment place

Figure 6.2.3.2.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment place. The reference category is shown in capitals (in this
case, dentals). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
1.4
1.2
1
0.8
0.6
0.4
0.2
0
-0.2
alv.
(-11)

DENTAL

lab.
(9)

vel.
(20)

pal.***
(263)

alvep.*** palzd.***
(269)
(270)

Figure 6.2.3.2.1 MLR-estimated effect of the individual levels of the variable preceding segment place on
F2 of front vowels, in standard deviations, with dental as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz,
assuming 229 Hz as the average value of standard deviation for the F2 of front vowels.
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In terms of their effect on the following vowel, figure 6.2.3.2.1 clearly shows that
consonants fall into two distinct categories. On the one hand, there are only small
differences between vowels following alveolar, dental, labial and velar consonants. On
the other hand, all consonants with a palatal component condition F2 that is significantly
higher than that observed after dentals, by more than 260 Hz.

We will make use of this patterning of preceding consonants in our investigation of
potential interaction effects between the preceding segment place variable and other
variables. To this end, we will compute separate regression models for front vowels
following alveolars, dental, labials and velars on the one hand, and the “palatal”
consonants on the other. We will refer to the former group as non-fronting and to the
latter as fronting. It should be noted that these are merely names of convenience,
reflecting the relative properties of the consonants. That is to say, we are not claiming
that consonants in the former group have a fronting influence vis-à-vis the idealized
target F2 frequency of the vowel, while the latter do not.

6.2.3.3 Following segment place

Figure 6.2.3.3.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment place. The reference category is shown in capitals (in this
case, dentals). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
-0.2
lab.
(-16)

alv.
(-10)

DENTAL alvep.***
(90)

palzd.***
(103)

vel.***
(107)

pal.***
(324)

Figure 6.2.3.3.1 MLR-estimated effect of the individual levels of the variable following segment place on
F2 of front vowels, in standard deviations, with dental as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz,
assuming 229 Hz as the average value of standard deviation for the F2 of front vowels.

The effect of following consonant place on front vowels is slightly different than the
effect of preceding consonant place discussed earlier. All consonants with a palatal
component condition significantly higher F2 (vis-à-vis dentals) in this case as well, but
the effect is only comparable in size in the case of palatals; with alveopalatals and
palatalized consonants it is much smaller. This is not surprising in the case of palatalized
consonants, as it is likely that in their case palatalization is stronger at the moment of
release than at the moment of closure. (As was mentioned earlier, it is often asserted that
palatalized consonants of Polish can be realized phonetically as sequences of non-palatal
consonant and the palatal glide, e.g. Sawicka 1995). It is not clear why there should be a
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similar difference for alveopalatals, but it is consistent with the findings of Nowak
(2006), showing that perceptually, the vowel plays a greater role in facilitating the
perception of a preceding rather than following alveopalatal.

One other important difference between the preceding and following consonant effect is
that F2 of front vowels is significantly higher before velars (vis-à-vis before dentals) but
not after velars (vis-à-vis after dentals). This difference appears to indicate that there are
differences in CV and VC coarticulation patterns involving velar consonants. One
possibility is that coarticulation is stronger with a preceding velar, resulting in the relative
backing of the vowel in the vowel space. With following velars, coarticulation is less
strong and as a result, there is no backing of the front vowel in the vowel space. It should
be noted, however, that the effect is somehow puzzling, given the well-known fact that
the constriction tends to be moved forward during the articulation of a velar consonant
(Houde 1968).

To analyze interactions in depth, we will compute separate regression coefficients for
front vowels appearing before fronting consonants (alveopalatals, palatalized, velars and
palatals) and non-fronting ones (dentals, labials and alveolars). As was explained at the
end of the preceding section, these names should be thought of names of convenience
rather than ones that express specific theoretical claims about the target frequencies of
front vowels.
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6.2.3.4 Vowel duration

As can be seen from table 6.2.1.1, vowel duration not only failed to be selected into the
validated model, but in fact was not selected into the AIC model. However, as was
argued in the introduction to this chapter, in the case of the second formant, it is
important to consider interaction effects, because consonants with different places of
articulation can have effects with opposite directionality.

In the case of front vowels, neither the interaction of preceding segment place and
duration nor of following segment place and duration resulted in a significant
improvement of model fit. As a result, our investigation into the potential differences in
the duration effect in the context of different types of consonants should be treated as
informal and purely exploratory.

Table 6.2.3.4.1 presents the regression coefficients for the variable duration calculated
separately for four models (vowels preceded/followed by fronting/non-fronting
consonants; for the definition of fronting and non-fronting see sections 6.2.3.2 and
6.2.3.3). The models were calculated using all the predictors included in the validated
model plus duration.
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Condition
preceding consonant
following consonant

fronting
0.00035 (0.08 Hz/ ms)
-0.0018 (-0.4 Hz/ms)

non-fronting
0.0018 (0.4 Hz/ms)
0.0009 (0.21 Hz/ms)

Table 6.2.3.4.1 Regression coefficients for the variable duration in different consonantal contexts, F2 of
front vowels. Fronting and non-fronting consonants for the preceding and the following segment condition
are defined in sections 6.2.3.2 and 6.2.3.3, respectively. The values are in standard deviations and can be
interpreted as change in standardized F2 value per each additional millisecond of vowel duration. The
values in brackets were estimated using 229 Hz as the average value of standard deviation of F2 for front
vowels.

If we consider only the following consonants, the regression coefficients reported in table
6.2.3.4.1 are consistent with the undershoot model of vowel reduction. For the fronting
consonants, the sign of the coefficient is negative, i.e. increasing the duration of the
vowel results in less vowel fronting. For the non-fronting consonants, the coefficient is
positive, which indicates that increasing the duration of the vowel results in fronting it.
On this interpretation, the target F2 value of the front vowels would be estimated to be
somehow lower than the one observed before the fronting consonants, and somewhat
higher than the one observed before the non-fronting consonants. Intuitively, this appears
to be plausible, especially for the vowel e.

The regression coefficients obtained for the preceding consonants cannot be reconciled
with the ones obtained for following consonant. Both coefficients are positive, indicating
that under the undershoot model of vowel duration, the target F2 frequency of front
vowel would be expected to be higher than the one observed in any consonantal context.
This does not appear to be very likely. As we have noted before, Polish vowels, and the
front vowel e in particular, are impressionistically fronted in palatal contexts (e.g.
Sawicka 1995).

288
To sum up, the data illustrating the interaction of following consonant place and vowel
duration are consistent with the undershoot model of vowel reduction. They do not
present, however, conclusive evidence to this effect, since the interaction did not
significantly improve model fit. The data illustrating the interaction of preceding segment
place and vowel duration do not appear to be consistent with the undershoot model. This
difference between the following and preceding consonant place effects may reflect a
genuine difference in coarticulatory mechanisms or it may simply be a function of the
fact that these interaction effects are non-significant. In either case, vowel duration does
not appear to play a major role in the variability of F2 of front vowels. This can also be
appreciated by noting that the rates of change in Hz/ms estimated from regression
coefficients, as shown in table 6.2.3.4.1, are all smaller than the F1 rates of change
estimated in chapter 5 for non-high vowels.

6.2.3.5 Speech rate

The MLR validated model estimated the regression coefficient for the continuous
variable speech rate at -0.073, significant at p<0.001. Among the front vowels, speech
rate varied between 1.78-10.8 syllables per second. This indicates that the contribution of
this variable varied between subtracting 0.13 sd (-0.073*1.78) from the intercept and
subtracting 0.79 sd. (-0.073*10.8) from it. In other words, the vowel spoken at the highest
observed speech rate was estimated to have the second formant 0.66 sd (~151 Hz) lower
than the vowel spoken at the lowest observed speech rate.
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The higher the speech rate, the less front the front vowel is. On the face of it, this could
be summarized as indicating increased centralization at higher speech rates. It is not easy,
however, to account for such an effect within the undershoot model of vowel reduction.
Given that the average consonantal influences appear to increase rather than decrease the
estimated F2 of front vowels, and that increased speech rate should be correlated with
decreased vowel duration, we would predict that any general effect of speech rate should
point in the opposite direction, i.e. that front vowels should be more front at higher
speech rates. A different explanation for the observed effect must be sought. One purely
speculative possibility is that the fronting consonants themselves are reduced at higher
speech rates, i.e. are not realized with the same amount of tongue body fronting. This
would cause them to have a more limited fronting influence on front vowels.

To a certain extent, this appears to be confirmed by the investigation of the interaction
between preceding consonant place and speech rate. Adding this interaction to the
validated model resulted in a nearly significant increase in model fit (increase in R2 by
0.0046, p<0.1) and improved the predictive accuracy of the model (increase in “R2” of
the validation set by 0.009). The regression coefficient obtained for preceding fronting
consonants was -0.11, indicating a decrease in F2 frequency of approximately 27 Hz for
each additional syllable per millisecond in speech rate. The regression coefficient for
non-fronting consonants was also negative, but smaller in size (-0.04, indicating a
decrease in F2 of approximately 10 Hz per each additional syllable per second). Thus in
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the case of preceding non-fronting consonants, the speech rate effect could be consistent
with the undershoot mechanism.

The interaction of speech rate and following segment place failed to significantly
improve model fit.

6.2.3.6 Other variables potentially interacting with place variables

Predictors reflecting differences in style, syllable position, word frequency and the
content/function distinction were not selected into the validated model. However, as was
argued above, their relative importance could be obscured by their non-uniform effect in
different consonant place environments. We have therefore explored the potential
interactions between these variables and the place variables. The results are summarized
in table 6.2.3.6.1. As can be seen, four interactions fulfilled our criteria, i.e. resulted in
significantly increased model fit and increased prediction. They are analyzed in detail.

Predictor
style
stress
syllable content/function
word content/function
word frequency

preceding segment place
0.0141, p<0.001, -0.0041
0.0247, p<0.001, 0.0132
0.0106, p<0.001, -0.0056
0.0176, p<0.001, -0.0064
0.041, p<0.001, -0.0037

following segment place
0.0144, p<0.001, 0.006
0.011, p<0.05, -0.005
0.0125, p<0.001, 0.009
0.0026, n/s
0.008, p<0.01, 0.0154

Table 6.2.3.6.1 Exploration of interactions between the place variables (columns) and other selected
variables (rows) for F2 of front vowels. Each cell shows in turn change in model fit (i.e. increase in R2 of
the training set) resulting from the addition of the interaction term, significance of the R2 increase and
change in the predictive power of the model (change in “R2” of the validation set). Changes in predictive
power were not calculated for interaction that did not significantly improve model fit. Cells are in bold if a
given interaction both significantly improves model fit and improves prediction. The variable stress is the
simplified version of the variable syllable position, cf. section 5.3.3.7.
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Figure 6.2.3.6.1 illustrates the interaction between preceding segment place and stress by
showing separately the regression coefficients obtained for front vowels following the
fronting consonants and the non-fronting consonants. The differences are somewhat
puzzling, as they point in the opposite direction from what could be expected on
theoretical grounds. Assuming that it is likely that vowel reduction is decreased in
stressed syllables (which was confirmed for F1 in the preceding chapters), we would
expect that in the fronting contexts, vowels in stressed syllables should have lower F2
values than other vowels. In the non-fronting contexts, it would appear more likely that
front vowels would have higher F2 values in stressed syllables, though here the
predictions are somewhat less clear. In fact we see in both cases that the reverse is the
case.
0.2
0.15
0.1
0.05
0
-0.05
-0.1
-0.15
-0.2
-0.25
-0.3
clitic

unstressed
fronting

STRESSED
nonfronting

Figure 6.2.3.6.1 Interaction between stress and preceding segment place. The two lines link regression
coefficients calculated separately for the two different classes of consonants. All values are standard
deviations.
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In fact, the expected picture emerges when we consider interaction between stress and
following segment place. (As indicated in table 6.2.3.6.1, this interaction did significantly
improve model fit, but it slightly reduced the predictive power of the model. It should
therefore be treated with caution.) Figure 6.2.3.6.2 shows the regression coefficients
calculated separately for preceding fronting and non-fronting consonants.

0.2
0.15
0.1
0.05
0
-0.05
-0.1
-0.15
STRESSED

clitic
fronting

unstressed
nonfronting

Figure 6.2.3.6.2 Interaction between stress and following segment place. The two lines link regression
coefficients calculated separately for the two different classes of consonants. All values are standard
deviations.

Thus it can be cautiously concluded that stress does not reduce coarticulation between the
vowel and the preceding consonant; in fact the opposite may be the case. As far as the
following consonants are considered, however, stress does appear to limit coarticulation.
It is worth pointing out at this point that a similar picture seemed to emerge from our
consideration of the interactions of vowel duration and the place variables (cf. section
6.2.3.4).
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Figure 6.2.3.6.3 illustrates the interaction of following segment place and style. Based on
the findings of other researchers for other languages (e.g. Koopmans-van Beinum 1980),
as well as our findings concerning the first formant, as reported in the preceding chapter,
we could expect vowels to be more reduced in the less formal speech styles, in particular
in the narrative style. Figure 6.2.3.6.3 suggests this is the case: we see that front vowels
in the fronting contexts have lower F2 values in the normal reading style than in the two
other styles, while in the non-fronting contexts, they have higher F2 values in the normal
reading style.
0.2
0.15
0.1
0.05
0

fronting
nonfronting

-0.05
-0.1
-0.15
-0.2
-0.25
NORMAL

narrative

fast

Figure 6.2.3.6.3 Interaction between style and following segment place. The two lines link regression
coefficients calculated separately for the two different classes of consonants. All values are in standard
deviations.

Vowels in function syllables were found to have lower F2-values than vowels in content
syllables when followed by fronting consonants (by 0.025 sd, i.e. approximately 6 Hz)
and higher F2 values when followed by non-fronting consonants (by 0.011 sd, i.e.
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approximately 2 Hz). Since we could expect vowels to be more reduced in function
syllables (cf. van Bergem 1993 and chapter 5), this effect is unexpected and difficult to
explain. However, it is very small in size.

The regression coefficients of the variable word frequency, calculated separately for
vowels following fronting consonants and non-fronting consonants were very small.
They indicated that in both cases, F2 decreases as word frequency increases. In the case
of following fronting consonants, it decreases by approximately 1 Hz for each additional
100,000 in word frequency. In the case of non-fronting consonants, the decrease is by
approximately 6 Hz per each additional 100,000 in word frequency. The latter effect may
be consistent with the expectation that there should be more coarticulation in more
frequent words, but the former cannot.

6.2.3.7 Preceding segment manner

Figure 6.2.3.7.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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0.5
0.4
0.3
0.2
0.1
0
-0.1
-0.2
-0.3
-0.4
aff.***
(-70)

fric.***
(-56)

lat.
(-10)

app.
(-7)

STOP

trill
(45)

nas.***
(100)

Figure 6.2.3.7.1 MLR-estimated effect of the individual levels of the variable preceding segment manner
on F2 of front vowels, in standard deviations, with stop as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz, assuming
229 Hz as the average value of standard deviation for the F2 of front vowels.

Front vowels were found to have significantly higher values of the second formant after
nasals (vis-à-vis stop) and significantly lower F2 values after fricatives and affricates
(vis-à-vis stops). There are no clear reasons for these differences. One possibility is that
consonants with different manners have different coarticulatory requirements. In this
case, more light could be shed on the effect in question by investigating a potential
interaction of preceding segment place and manner.

Adding to the validated model an interaction term between preceding segment place and
manner significantly improved model fit (increase in R2 by 0.021, p<0.001) and
prediction (increase in “R2”by 0.008). Figure 6.2.3.7.2 shows the regression coefficients
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calculated separately for the fronting and the non-fronting consonants. The F2 lowering
effect of preceding fricatives and affricates can be observed in both groups of consonants,
although it appears to be stronger for the non-fronting consonants. The greatest difference
can be seen for laterals and nasals. Non-fronting laterals and nasals appear to have little
influence on the F2 of the following vowel. However, it is precisely after nasals and
laterals that the F2-raising influence of the fronting places of articulation is most
pronounced. The precise reasons for this difference, however, remain unclear.

0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
fric.

aff.

app.
fronting

STOP

lat.

nas.

nonfronting

Figure 6.2.3.7.2 Interaction between preceding segment place and preceding segment manner. The two
lines link regression coefficients calculated separately for the two different classes of consonants. Trills are
not included, as there were no fronting trills in the data. All values are standard deviations.
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6.2.3.8 Following segment manner

Figure 6.2.3.8.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
0.3
0.2
0.1
0
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
app.***
(-122)

trill*
(-52)

fric.
(-20)

lat.
(-20)

STOP

aff.
(16)

nas.**
(42)

Figure 6.2.3.8.1 MLR-estimated effect of the individual levels of the variable following segment manner
on F2 of front vowels, in standard deviations, with stop as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz, assuming
229 Hz as the average value of standard deviation for the F2 of front vowels.

Like preceding nasals, following nasals condition significantly higher F2 values in front
vowels (vis-à-vis stops). In addition, F2 is significantly lower before approximants and
trills. This stands in contrast to the results of the preceding segment manner variable
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reported above. In this case also there is the possibility that the manner variable interacts
with the place variable.

Adding to the validated model an interaction term between following segment place and
manner significantly improved model fit (increase in R2 by 0.016, p<0.001) and
prediction (increase in “R2” by 0.005). Figure 6.2.3.8.2 shows the regression coefficients
calculated separately for the fronting and the non-fronting consonants. With the exception
of approximants, there are very few manner-related differences between vowels
preceding fronting consonants. F2 is predicted to be somewhat higher, which likely
indicates less reduction, before non-fronting consonants that are affricates, nasals or
laterals (as opposed to stops). The source of this effect is unclear. The biggest difference,
however, can be seen for approximants. The highest F2 values were found in the context
of fronting approximants (i.e. the palatal glide) and the lowest in the context of nonfronting approximants (i.e. the labiovelar glide). This seems to indicate that coarticulation
between a vowel and a following approximant is greater than between a vowel and a
following consonant of another type. A comparison of figures 6.2.3.7.2 and 6.2.3.8.2
reveals that this is not the case for preceding approximants.
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Figure 6.2.3.8.2 Interaction between following segment place and following segment manner. The two
lines link regression coefficients calculated separately for the two different classes of consonants. Trills are
not included, as there were no fronting trills in the data. All values are standard deviations.

6.2.3.9 Vowel

The front vowel was estimated to have standardized F2 0.57 sd. (~131 Hz) lower if it was
i rather than e, significant at p<0.001. Since the data were standardized by vowel and by
speaker, this does not indicate that the second formant values of i were lower than those
of e. As was shown in figure 3.1.2, the reverse was the case. What the vowel term
indicates is that the two front vowels interacted with other variables in somewhat
different ways.

Both the interaction between preceding segment place and vowel and between following
segment place and vowel significantly increased model fit (increases in R2 by 0.028 and
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0.024, respectively, both significant at p<0.001) and improved the predictive power of the
model (increases in R2 of the validation set by 0.011 and 0.02, respectively). The former
interaction is shown in figure 6.2.3.9.1, the latter in figure 6.2.3.9.2.
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0.5
0
-0.5
alv.

pal.

alvep.

palzd.

lab.

Figure 6.2.3.9.1 Interaction between vowel and preceding segment place. Te two lines link regression
coefficients calculated separately for the two different front vowels. There were no instances of i preceded
by dentals or velars, and these places are not included. All values are standard deviations.
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Figure 6.2.3.9.2 Interaction between vowel and following segment place. The two lines link regression
coefficients calculated separately for the two different vowels. All values are standard deviations.

Figure 6.2.3.9.1 shows that the preceding place effect for the vowel e is exactly what
would be expected from the consideration of the general preceding place effect (cf.
section 6.2.3.2). That is, there are no differences between labials and alveolars on the one
hand, and between palatals, alveopalatals and palatalized consonants on the other. For i,
the picture looks different and is somehow surprising. In particular, F2 of i is estimated to
be higher after labials than after consonants with other places of articulation. It has to be
remembered, however, that non-palatal and non-palatalized consonants can only precede
i in Polish across a word boundary. This means that coarticulatory processes may be
subject to different constraints in these specific cases than in the more regular instances
of consonant-vowel adjacency inside a word. It also means that there are few examples of
i preceded by non-palatal and non-palatalized consonants. In fact, the estimates shown in
figure 6.2.3.9.1 are based on only two cases of preceding alveolars and only five cases of

302
preceding labials. As a result, the estimated regression coefficients may not be very
reliable.

In figure 6.2.3.9.2, we see that the regression coefficients estimated separately for e
follow the general following place pattern discussed in section 6.2.3.3. In particular,
higher F2 values are found before palatals, palatalized consonants and alveopalatals.
However, with the exception of high F2 values before palatals, the vowel i does not
behave in the same way. In particular, lower F2 values are predicted before alveopalatals
than before dentals. This is genuinely puzzling and no obvious answer is apparent. One
possibility is that following dentals, velars and labials coarticulate strongly with the
preceding i, but alveopalatals (and alveolars) do not. However, at this time it has to
remain a mere speculation.

One important consequence of the interaction shown in figure 6.2.3.9.2 is that the general
effect of following consonant place discussed before in section 6.2.3.3 clearly
underestimates the amount of F2-raising that e undergoes when it precedes alveopalatals.

6.2.4

Summary

The variation of front vowels in the F2 domain is mostly the function of preceding and
following consonant place. Duration is not selected as an important predictor of vowel
reduction. Its interaction with following segment place is consistent with the undershoot
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model, but it does not significantly improve model fit. These non-significant interaction
effects suggest that the target formant frequencies of the front vowels are lower than
those observed before consonants with the palatal component and velars, but higher than
those observed before dentals, labials and alveolars.

Stress, speech style, word frequency and the content/function distinction are not
important predictors of vowel reduction per se. The interaction of style and following
segment place indicates the expected effect of greater reduction in unstressed syllables.
The interaction of stress and following segment place shows the expected increased
reduction in unstressed syllables, but it fails validation. Other interactions involving these
variables and the place variables either cannot be validated or yield unexpected results.
The speech rate effect is likewise unexpected and difficult to account for.

The manner variables have a relatively strong impact on F2 frequency of front vowels as
well. The results are complex and differ for preceding and following consonants. There is
no clear explanation for them.

The vowel term was significant, indicating that the two front vowels behave differently.
In particular, there is some evidence suggesting that the vowel e is more affected by
neighboring consonants than the vowel i.
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6.3

Central vowels

6.3.1

Selecting the model

There were 1854 tokens of the central vowels a and y in the entire dataset (see section 3.1
for a detailed breakdown). Following the procedures outlined in chapters 2 and 4, they
were randomly divided into a training set, comprising 75% of tokens (1391) and a
validation set, comprising 25% of tokens (463). The training set was used to select an
optimal combination of variables, using a bidirectional automatic search algorithm
employing the Akaike Information Criterion. Of the twenty-two independent variables
considered, thirteen were selected into the model. They were then used to predict
normalized F2 scores for vowel tokens in the validation set and “R2” was calculated.
Predictors were then dropped one-by-one in the order that reversed the order in which
they were selected by the AIC procedure, and “R2” was recalculated. It was found to be
maximized when five more variables were dropped from the model. Accordingly, the
remaining 8 independent variables were used to construct a validated model of the
training set.

Table 6.3.1.1 shows the independent variables considered, listed in their order of
inclusion in the AIC-based model as well as “R2” values resulting from dropping the
given variable and all lower-ranked variables from the model, with variables included in
the validated model appearing above the thick line. Table 6.3.1.2 compares the statistical
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data of the validated model of the training set with the predictions for the validation set
obtained using the same independent variables and the same regression coefficients.
Figures 6.3.1.1 and 6.3.1.2 show the correlations between predicted and obtained values
of the dependent variable in the training set and the validation set, respectively, providing
a graphical illustration of the strength of the relationship.

Independent variable
preceding segment place
following segment place
following segment manner
preceding segment manner
vowel
postpausal phonological word
vowel duration
word content/function

AIC rank
1
2
3
4
5
6
7
8

“R2”
n/a
0.1667
0.3754
0.4228
0.4354
0.4456
0.4512
0.4547

word frequency
phonological word size
preceding segment voicing
clause-final phonological word
number of following consonants
full AIC model
prepausal phonological word
following segment voicing
speech rate
syllable content/function
comparative intensity
clause-initial phonological word
speech style
subject
syllable position

9
10
11
12
13
n/a
not selected
not selected
not selected
not selected
not selected
not selected
not selected
not selected
not selected

0.4583
0.4549
0.4512
0.4507
0.4474
0.4463
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Table 6.3.1.1 Variable selection for F2 central vowels model. AIC rank refers to the order of inclusion of
the variables in the initial model of the training set using the stepwise AIC algorithm (the AIC model). “R2”
is the correlation between the predicted and the obtained scores in the validation set obtained by dropping
the independent variable listed in the same line and all independent variables with a lower AIC rank. The
maximum “R2” is shown in bold and the bold line separates independent variables included in the validated
model (above the line) from the ones that were not included (below the line).
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R2
0.5351
0.077

Statistic
Value
Difference

“R2”
0.4583

RSE
0.703
-0.0068

“RSE”
0.6962

Table 6.3.1.2 F2 in central vowels. Comparison of the key statistics of the validated model of the training
set and its predictions for the validation set. R2 = squared multiple correlation coefficient of the validated
model of the training set; “R2” = squared correlation coefficient between observed values of F1 in the
validation set and values predicted by the validated model of the training set. RSE = residual standard error
of the validated model of the training set; “RSE” = standard deviation of the differences between values
observed in the validation set and values predicted for the validation set by the validated model of the
training set. Difference indicates the difference between the statistics for the validation set and the statistics
for the training set.
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Figure 6.3.1.1 The validated model of F2 of central vowels. Correlation between F2 values observed in the
training set (horizontal axis) and values predicted for the training set by the 8 predictors included in the
validated model (vertical axis). All units are standard deviations.
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Figure 6.3.1.2 The validated model of F2 of central vowels. Correlation between F2 values observed in the
validation set (horizontal axis) and values predicted for the validation set by the 8 predictors included in the
validated model (vertical axis). All units are standard deviations.

The validated model is moderately accurate. R2 values between 0.4583-0.5351 indicate a
multiple correlation coefficient R between 0.68-0.73, i.e. a fairly strong linear
relationship between the dependent variable and the predictors. As far as model
validation is concerned, the RSE and “RSE” values differ only minimally, but the
difference between R2 and “R2” is fairly large (0.077). However, this difference is not
very far from the 0.05 criterion suggested by Schwab (2006) for comparing models built
separately on two subsets of data, i.e. with regression coefficients optimized separately
for the two subsets. The validation method used here employs only one set of regression
coefficients, optimized for the training set. This means that the “R2” value obtained for
the validation set must be lower. In fact, when a separate model is constructed for the
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validation set, using the same set of predictors, but with regression coefficients
optimized, the R2 of the validation set 0.4912, i.e. it is within 0.05 of the R2 of the
training set (0.5351, i.e. a difference of 0.044).

6.3.2

Categorical regression

The eight predictors that were included in the validated model were used to construct a
categorical regression (CR) model of the training set, so that the relative contribution of
different variables could be meaningfully assessed by comparing regression coefficients
computed on a uniform standardized scale. The R2 of the categorical regression model
was 0.527, indicating correlation coefficient R=0.726. The key statistics were thus very
similar to the values obtained by MLR. Table 6.3.2.1 summarizes the results, providing
also information about the usefulness of each variable calculated for the regular multiple
regression validated model, as discussed in the preceding section. All values reported are
absolute, i.e. ignoring the sign.
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Variable
preceding segment place
following segment place
preceding segment manner
following segment manner
vowel
postpausal PW
vowel duration
word content/function

AIC rank
1
2
4
3
5
6
7
8

usefulness
0.1728
0.1521
0.0174
0.0157
0.0044
0.0041
0.0024
0.0019

b

0
0.515
0.440
0.170
0.153
0.109
0.078
0.050
0.033

0.517
0.459
0.027
0.238
0.010
0.119
0.026
0.164

partial
0.568
0.533
0.228
0.213
0.135
0.111
0.063
0.046

part
0.475
0.433
0.161
0.150
0.094
0.077
0.043
0.032

Table 6.3.2.1 Comparisons of MLR and categorical regression results, validated F2 central vowel models
of the training set. AIC rank refers to the order of inclusion of the variables in the initial model of the
training set using the stepwise AIC algorithm (the AIC model). Usefulness refers to the drop in R2 of the
MLR validated model when a given variable is dropped. b is the categorical regression regression
coefficient, 0 is the categorical regression zero-order correlation coefficient, partial is the categorical
regression partial correlation coefficient and part is the categorical regression part (semipartial)
coefficient. All values are absolute.

Figure 6.3.2.1 compares the usefulness of predictors, as estimated by MLR, with their
squared semipartial coefficients, as estimated by categorical regression. The relative
values of these two indicators are very similar, which justifies treating MLR and
categorical regression as equivalent.
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Figure 6.3.2.1 F2 of central vowels. Comparison of the MLR validated model of the training set (variable
usefulness) with the categorical regression model of the training set (squared part correlation, “part2”) built
with the same independent variables.

Figure 6.3.2.2 shows graphically the relative contribution of independent variables to F2
of central vowels estimated by the absolute values of the CR regression coefficients. The
place variables are by far the strongest predictors, followed by the manner variables. For
both manner and place, the impact of the preceding consonant is slightly greater than that
of the following consonant. Other variables have a smaller impact.
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Figure 6.3.2.2 Relative impact of predictors on F2 of central vowels, estimated from the regression
coefficients (b-coefficients) of the CR validated model of the training set. The abbreviations used in this
table were defined in table 2.9.1 in chapter 2.

6.3.3

Individual predictors (MLR)

6.3.3.1 Intercept

The intercept of the MLR equation was 0.124. In other words, a central vowel was
predicted to have an F2 higher by 0.124 standard deviations (23 Hz) than its mean value
when the contribution of all variables was equal to 0. As was explained in section 4.3.1,
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this is a purely mathematical construct with no inherent meanings since some of the
variables cannot have the value of 0 (in this case, duration).

6.3.3.2 Preceding segment place

Figure 6.3.3.2.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment place. The reference category is shown in capitals (in this
case, dentals). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
1.5
1
0.5
0
-0.5
-1
lab.***
(-117)

alv.***
(-70)

vel.
(-16)

DENTAL palzd.*** alvep.***
(178)
(234)

pal.***
(250)

Figure 6.3.3.2.1 MLR-estimated effect of the individual levels of the variable preceding segment place on
F2 of central vowels, in standard deviations, with dental as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz,
assuming 183 Hz as the average value of standard deviation for the F2 of central vowels.
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As far as the effect of preceding consonant place is considered, central vowels seem to
fall into three categories. Vowels preceded by labials and alveolars have significantly
lower F2 values than vowels preceded by dentals. Vowels preceded by velars are not
significantly different from vowels preceded by dentals. Vowels preceded by consonants
with a palatal component have F2 values significantly higher than vowels preceded by
dentals.

In absolute terms, the F2-raising effects of preceding alveopalatals, palatals and
palatalized consonants (vis-à-vis dentals) on central vowels are slightly smaller than
those observed for front vowels. The greatest preceding consonant F2-lowering effect
(vis-à-vis dentals) on central vowels, that of labials, is much greater than the greatest
effect observed on front vowels, that of alveolars (117 Hz vs. 13 Hz). As a result, with
dentals as the reference category, the variability of F2 in central vowels that can be
attributed to preceding consonants is 367 Hz (from -117 Hz for labials to +250 Hz for
palatals). The same variability for front vowels is just 283 Hz (from -13 Hz for alveolars
to +270 for palatalized consonants). This is despite the fact that the overall variability in
central vowels is lower than in front vowels (standard deviations of 183 Hz and 229 Hz,
respectively).

In our investigation of interaction effects involving preceding consonant place further on
in this chapter, we will refer to labials and alveolars as backing consonants, to velars and
dentals as neutral consonants and to palatals, alveopalatals and palatalized consonants as
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fronting consonants. In this case also these are merely names of convenience, reflecting
the relative properties of the consonants. That is to say, we are not claiming that
consonants in the fronting group have a fronting influence vis-à-vis the idealized target
F2 frequency of the vowel, those in the backing group have a backing influence, and
those in the neutral group have little or no influence. While this is not unlikely, it cannot
be confirmed within our current paradigm.

6.3.3.3 Following segment place

Figure 6.3.3.3.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment place. The reference category is shown in capitals (in this
case, dentals). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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1.4
1.2
1
0.8
0.6
0.4
0.2
0
-0.2
-0.4
lab.***
(-48)

DENTAL

alv.
(27)

vel.***
(79)

palzd.***
(101)

alvep.***
(160)

pal.***
(222)

Figure 6.3.3.3.1 MLR-estimated effect of the individual levels of the variable following segment place on
F2 of central vowels, in standard deviations, with dental as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz,
assuming 183 Hz as the average value of standard deviation for the F2 of central vowels.

As was the case with front vowels, the effect of following velars on central vowels differs
from the effect of preceding velars in that they condition F2 values significantly higher
than dentals. This effect raises the same difficulties with interpretation (cf. section
6.2.3.3). In contrast to front vowels, following labials condition significantly lower F2
values than following dentals. Central vowels followed by alveolars do not differ
significantly from central vowels followed by dentals, unlike the situation observed for
preceding alveolars.

With dentals as the reference category, the variability of central vowels due to differences
in following consonant place can be estimated at 260 Hz (from -48 Hz for labials to +222
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for palatals). For front vowels, the same variability could be estimated at 395 Hz. Thus
the F2 variability related to following consonant place differences is greater in front
vowels than in central vowels, which is the opposite of the situation observed for
preceding consonant place, as discussed in the previous section. It should be noted,
however, that this is not the case if palatals, which have a particularly strong effect on
front vowels, are excluded. In this case, the values are 142 Hz for front vowels and 208
Hz for central vowels.

In our investigation of interaction effects involving following consonant place further on
in this chapter, we will refer to labials as backing consonants, to alveolars and dentals as
neutral consonants and to velars, palatals, alveopalatals and palatalized consonants as
fronting consonants. As was explained in the preceding sections, these names are used for
convenience rather than to reflect specific beliefs about the true impact of these
consonant with regard to their idealized target F2 values.

6.3.3.4 Vowel duration

The regression coefficient for the variable vowel duration for central vowels was
estimated at -0.002, significant at p<0.01. With the average standard deviation of F2
values of central vowels estimated at 183 Hz, this value indicates that for each additional
millisecond in vowel duration, the F2 value drops by 0.37 Hz.
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As was argued in the introduction to this chapter, it is likely that when F2 is considered,
some consonants have a lowering effect and others a raising effect. This is particularly
likely to be the case with central vowels, since their F2 values are neither extremely high
nor extremely low. This means that a single duration coefficient is unlikely to fully
capture the impact of duration. It is likely to partially reflect the role of duration in the
contexts in which the impact of consonants is the strongest. The coefficient for duration
has a negative sign, indicating that in general central vowels become more back in the
vowel space as their duration increases. This is not surprising given the fact that the
strongest consonantal influence can be expected to be fronting induced by consonants
with a palatal component. However, a better understanding of the role of duration
requires the consideration of interactions between the place variables and vowel duration.

Both the interactions between preceding consonant place and duration and between
following consonant place and duration significantly improve model fit (increases in R2
by 0.011 and 0.248, respectively, p<0.001 for both. The latter interaction also improves
prediction (increase in “R2” by 0.0054). The former results in a very small decrease in
prediction accuracy (drop in “R2” by 0.0018). We will consider them both in detail,
noting that the interaction between preceding consonant place and duration has to be
treated with caution.

Table 6.3.3.4.1 presents the regression coefficients for the variable duration calculated
separately for six models (vowels preceded/followed by fronting/neutral/backing
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consonants; for the definition of fronting, neutral and backing see sections 6.3.3.2 and
6.3.3.3). The models were calculated using all the predictors included in the validated
model plus duration.

Condition
preceding consonant
following consonant

fronting
-0.014 (-2.5 Hz/ms)
-0.008 (-1.45 Hz/ms)

neutral
-0.0018 (-0.31 Hz/ms)
-0.0002 (-0.037 Hz./ms)

backing
0.00035 (0.064 Hz/ms)
0.0031 (0.57 Hz/ms)

Table 6.3.3.4.1 Regression coefficients for the variable duration in different consonantal contexts, F2 of
central vowels. Fronting, backing and neutral consonants for the preceding and the following segment
condition are defined in sections 6.3.3.2 and 6.3.3.3, respectively. The values are in standard deviations and
can be interpreted as change in standardized F2 value per each additional millisecond of vowel duration.
The values in brackets were estimated using 183 Hz as the average value of standard deviation of F2 for
central vowels.

For each group of consonants, the sign of the regression coefficient is the same for
preceding consonants and for following consonants. The effect of duration is clearly the
greatest in the context of fronting consonants. Increased duration results in lowered F2
values of vowels; from the perspective of the undershoot model, this indicates that
fronting consonants do in fact have a fronting influence on the formant frequencies of
central vowels. Since the sign of regression coefficients is also negative for the neutral
consonants, we can conclude that they in fact also have a fronting influence on the F2 of
central vowels. (Of course, in this case it is a less strong fronting influence, as can be
judged from the regression coefficients obtained for different places of articulation,
reported in the preceding sections). When the backing consonants are considered, the
situation is different. Both regression coefficients have a positive sign, indicating that as
the vowel gets longer, its F2 formant frequency increases. This suggests that the backing
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consonants do in fact have a backing influence on the target F2 frequencies of central
vowels.

In other words, the duration data discussed here enable us to conclude that the target F2
frequencies of central vowels are lower then those observed in the context of fronting and
neutral consonants, but higher than those observed in the context of backing consonants.
Central vowels do appear to exhibit undershoot effects along the lines suggested by
Lindblom (1963).

6.3.3.5 Postpausal phonological word

The F2 of central vowels was found to be raised in postpausal phonological words, by
0.17 sd (~ 34 Hz). The effect was significant at p<0.001. It is unclear what the source of
this effect is. In chapter 5, we observed that both front and mid vowels had higher F1
values in postpausal phonological words (cf. sections 5.3.3.12 and 5.4.3.12). For the first
formant, it could be interpreted as less reduction than in other contexts, for unknown
reasons. For the second formant, such a determination cannot be made without
considering differences in consonantal contexts. The interaction between the postpausal
variable and following segment place did not result in a significant improvement in
model fit. The interaction between the postpausal variable and preceding consonant place
significantly improved model fit (increase in R2 by 0.009, p<0.001), but it resulted in a
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decrease in prediction accuracy (drop in “R2”by 0.007). We nonetheless informally
investigated the latter interaction in detail.

We constructed separate models for vowels preceded by fronting, neutral and backing
consonants, using all the predictors included in the validated model plus the postpausal
variable. Central vowels preceded by fronting consonants in postpausal phonological
words were estimated to have lower F2 values than such vowels in non-prepausal
phonological words, by approximately 5 Hz. Central vowels preceded by backing
consonants in postpausal phonological words were estimated to have higher F2 values
than such vowels in non-prepausal phonological words, by approximately 14 Hz. Since
these effects point in the opposite direction from the general effect of these consonants,
they could indicate that there is less vowel reduction in postpausal phonological words.
However, central vowels preceded by neutral consonants in postpausal phonological
words were estimated to have higher F2 values than such vowels in non-postpausal
phonological words, by approximately 83 Hz. Since in the preceding section we
concluded that the impact of the neutral consonants vis-à-vis the target F2 frequency of
central vowels is likely to be fronting, this effect cannot indicate that reduction is more
limited in postpausal phonological words.
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6.3.3.6 Word content/function

Vowels in other languages have been found to be more reduced in function words (e.g.
van Bergem 1993 for Dutch). We have found evidence for this effect in our investigation
of F1 of mid vowels (cf. section 5.3.3.10). For central vowels, F2 values were found to be
higher in function words, by 0.13 sd (~ 25 Hz). To judge whether this can indeed be
understood as illustrating the expected increased reduction in function words, we need to
consider the way in which this variable interacts with the place variables.

In fact, both the interaction of the word content/function distinction with preceding
consonant place and with following consonant place significantly increased model fit
(increases in R2 by 0.0022 and 0.0011, respectively, p<0.001 for both) and prediction
accuracy (increases in “R2” by 0.003 and 0.005, respectively). Table 6.3.3.6.1 shows the
difference between content and function words in each specific consonantal context.

Condition
preceding consonant
following consonant

fronting
1.37 (250 Hz)
0.3 (55 Hz)

neutral
-0.017 (-3 Hz)
0.27 (50 Hz)

backing
0.00035 (0.064 Hz)
-0.2 (-35 Hz)

Table 6.3.3.6.1 Differences between F2 values of central vowels in function and content words in different
consonantal contexts. Different classes of consonants are defined in sections 6.3.3.2 and 6.3.3.3.

In the case of following consonants, the results are in full agreement with the predictions
that more reduction should be observed in function words. F2 values are higher in
function words before the fronting consonants and the neutral consonants, and in section
6.3.3.4 we concluded that all of these consonants have a F2-raising effect vis-à-vis the
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target frequency. Conversely, central vowels have lower F2 values in function words
when followed by backing consonants, as expected. We also observe strong F2-raising in
central vowels preceded by fronting consonants. However, for the preceding neutral and
backing context, the directionality of the effect does not agree with our predictions. It has
to be noted, however, that these unexpected effects are very small in size.

It seems possible to conclude that, by and large, we observe greater reduction of central
vowels in the F2 domain in function words than in content words.

6.3.3.7 Other variables potentially interacting with place variables

Predictors reflecting differences in style, syllable position, word frequency and the
syllable content/function distinction were not selected into the validated model. However,
as was argued in the introduction to this chapter, their relative importance could be
obscured by their differential effects in different consonantal contexts. For this reason, we
have explored the potential interactions between these variables and the place variables.
The results are summarized in table 6.3.3.7.1. As can be seen, only the interaction
between following segment place and the syllable content/function distinction fulfilled
our criteria, i.e. it improved significantly model fit and improved the predictive power of
the model.
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Predictor
style
stress
syllable content/function
word frequency

preceding segment place
0.006, n/s
0.006, p<0.1, -0.005
0.01, p<0.001, -0.005
0.021, p<0.001, -0.05

following segment place
0.008, p<0.1, -0.008
0.015, p<0.001, -0.012
0.01, p<0.001, 0.019
0.006, p<0.05, -0.012

Table 6.3.3.7.1 Exploration of interactions between the place variables (columns) and other selected
variables (rows) for F2 of central vowels. Each cell shows in turn change in model fit (i.e. increase in R2 of
the training set) resulting from the addition of the interaction term, significance of the R2 increase and
change in the predictive power of the model (change in “R2” of the validation set). Changes in predictive
power were not calculated for interaction that did not significantly improve model fit. Cells are in bold if a
given interaction both significantly improves model fit and improves prediction. The variable stress is the
simplified version of the variable syllable position, cf. section 5.3.3.7.

We calculated separate regression models for central vowels followed by the fronting,
neutral and backing consonants, using all the variables in the validated model and the
syllable content/function variables. The resulting regression coefficients revealed that
vowels followed by the neutral consonants were estimated to have F2 values lower by
approximately 24 Hz in function syllables, while vowels followed by the fronting
consonants and the backing consonants were all estimated to have F2 values higher by
approximately 21 Hz in function syllables. Thus with the exception of the fronting
context, it is not possible to assert that more reduction is observed in function syllables.

This result is different from that obtained for the content/function distinction on the word
level, as reported in section 6.3.3.6. Of course, there is a significant overlap between
these two variables and since the word content/function variable is present in the
validated model, the interaction between these variables could be obscuring the effect of
this distinction on the syllable level. We therefore recalculated the regression coefficients
for the syllable content/function status having dropped the word content/function
distinction from the model. When this is done, vowels in function syllables in all
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consonantal contexts are predicted to have higher F2 values, by approximately 41 Hz
before fronting consonants, 5 Hz before neutral consonants and 6 Hz before backing
consonants. Except for the last context, these results are more in line with the results
obtained for the word content/function distinction in section 6.3.3.6, and thus with the
undershoot model of vowel reduction. However, the observed effects are smaller in size.
This difference must be caused by vowels that appear in function syllables, but in content
words, i.e. in inflectional endings of content words. It seems that they behave more like
vowels in stem syllables in content words, rather than like vowels in function syllables,
with the possible exception of the fronting contexts.

6.3.3.8 Preceding segment manner

Figure 6.3.3.8.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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Figure 6.3.3.8.1 MLR-estimated effect of the individual levels of the variable preceding segment manner
on F2 of central vowels, in standard deviations, with stop as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz, assuming
183 Hz as the average value of standard deviation for the F2 of central vowels.

As was the case with front vowels, central vowels were found to have significantly lower
F2 values when preceded by affricates and fricatives (vis-à-vis stops). F2 of central
vowels was found to be significantly lower after approximants (vis-à-vis stops); for front
vowels, lowering was also observed, but it was not significant. F2 of central vowels is
significantly or nearly significantly higher after nasals, trills and laterals. For front
vowels, F2-raising was also observed after trills and nasals. Thus the main difference
between the effect of preceding segment manner on front and central vowels appears to
lie in the fact that in the former case, there is small non-significant F2-lowering after
laterals, while in the latter, there is strong and significant F2-raising in the same context.
It should be noted in this context that in Polish the vowel y cannot follow laterals, thus
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the difference is in fact one between front vowels on the one hand and a on the other. It is
not clear what the source of this difference is nor, in fact, what the source of the manner
differences is in the first place.

Adding to the validated model an interaction term between preceding segment place and
manner nearly significantly improved model fit (increase in R2 by 0.05, p<0.1) but it did
not improve prediction (decrease in “R2”by 0.001).

6.3.3.9 Following segment manner

Figure 6.2.3.9.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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Figure 6.3.3.9.1 MLR-estimated effect of the individual levels of the variable following segment manner
on F2 of central vowels, in standard deviations, with stop as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz, assuming
183 Hz as the average value of standard deviation for the F2 of central vowels.

There are few differences in F2 values of central vowels conditioned by following
segment manner vis-à-vis stops, except for the significant lowering effect of
approximants and laterals. The lowering effect was also observed with preceding
approximants (as well as with preceding and following approximants in the case of front
vowels). The lowering effect of laterals is surprising, since the effect observed with
preceding laterals was one of fronting. However, as was mentioned in the preceding
section, the effect of preceding laterals on central vowels in fact illustrates their effect on
the vowel a only, due to phonological restriction. This is not the case with the following
segment effect, as the vowel y can be followed by laterals in Polish. This could thus be
the source of the difference between the effect of preceding and following laterals.
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However, this possibility was not confirmed by investigating the interaction between
following segment manner and the vowel variable. This interaction significantly
improved model fit (increase in R2 by 0.007, p<0.01) and prediction (increase in “R2” by
0.007). Figure 6.3.3.9.2 shows the following segment manner regression coefficients
calculated separately for the vowels y and a. As can be seen, there is basically no
difference in F2 frequency of the vowel y when it is followed by a lateral and when it is
followed by a stop (the reference category). The F2 frequency of the vowel a is much
lower when it is followed by a lateral (vis-à-vis stop), in contrast to the F2-raising effect
observed for the preceding lateral. Other differences between a and y are smaller; in
general, y appears to be less influenced by variation in following consonant manner, with
the exception of approximants and trills.
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Figure 6.3.3.9.2 Interaction between vowel and following segment manner. The two lines link regression
coefficients for following segment manner calculated separately for the two central vowels. All values are
standard deviations.
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In this case it is also unclear what the source of manner-driven variation in F2 is. The
interaction between following segment manner and following segment place does not
significantly improve model fit.

6.3.3.10 Vowel

The central vowel was estimated to have standardized F2 0.19 sd. (~35 Hz) higher if it
was y rather than a, significant at p<0.001. Since the data were standardized, this does not
indicate that the second formant values of y were higher than those of a. What the vowel
term indicates instead is that the two front vowels interacted with other variables in
somewhat different ways.

Both the interaction between preceding segment place and vowel and between following
segment place and vowel significantly increased model fit (increases in R2 by 0.011 and
0.02, respectively, both significant at p<0.001) and improved the predictive power of the
model (increases in “R2” of the validation set by 0.011 and 0.019, respectively). The
former interaction is shown in figure 6.3.3.10.1, the latter in figure 6.3.3.10.2.
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Figure 6.3.3.10.1 Interaction between vowel and preceding segment place, F2 of central vowels. The two
lines link regression coefficients calculated separately for the two different front vowels. The vowel y
cannot be preceded by consonants with palatal component and these places are not included. All values are
standard deviations.
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Figure 6.3.3.10.2 Interaction between vowel and following segment place, F2 of central vowels. The two
lines link regression coefficients calculated separately for the two different vowels. All values are standard
deviations.
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Figure 6.3.3.10.1 shows that the two central vowels do not behave uniformly with regard
to consonants at the two different places of articulation. In particular, there is much more
labial-induced F2 lowering (vis-à-vis dentals) in the case of a than in the case of y. The
opposite is the case for alveolars. Finally, an interesting difference is that the F2 of y is
higher after velars than after dentals, but the reverse is the case for the vowel a.

In figure 6.3.3.10.2 the lines linking regression coefficients for y and a are largely
parallel, indicating that the differences are not very big. The vowel y undergoes more
lowering (vis-à-vis dentals) when followed by alveolars than the vowel a; in the case of
labials, this is the reverse of the situation observed for preceding segment place (as
described in the previous paragraph). The vowel y also undergoes more F2-raising before
alveopalatals and palatals. This last difference may in fact largely account for the vowel
term in the regression equation. The strongest consonantal effects are the strongly F2raising effects of consonants with a palatal component. The vowel y appears to be more
sensitive to this effect, and the positive regression coefficient represents the difference
between the fronting estimated for central vowels in general and for y in particular.

6.3.4

Summary

The variation of central vowels in the F2 domain appears to be primarily a function of
consonantal context, in particular place of articulation. The duration variable emerges as
a significant predictor of vowel reduction as well. The investigation of its interactions
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with the place variables reveals that its importance may in fact be underestimated due to
the non-uniform directionality of consonant place effects. It appears that the mechanism
that governs the reduction of central vowels is target undershoot in Lindblom’s sense.

On the undershoot analysis, it can be inferred from our results that the target F2
frequencies of central vowels are higher than those observed after labials and alveolars,
but lower than those observed after consonants with other places of articulation. On the
other hand, they may be inferred to be higher than those observed before labials, but
lower than those observed before consonants with other places of articulation.

There is no evidence that stress, speech style, word frequency and the syllable
content/function play an important role in the reduction of central vowels. On the other
hand, the results for the word content/function distinction suggested that central vowels
are more reduced in function words.

The manner variables have a relatively strong impact on F2 frequency of front vowels as
well. The results are complex, they differ for preceding and following consonants and
they escape a full explanation. Likewise, the small effect of the postpausal variable could
not be satisfactorily accounted for.
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The vowel term is significant, indicating that there are some differences in the behavior
of the two central vowels. In particular, it appears that the vowel y is more sensitive to
following consonants with a palatal component than the vowel a.

6.4

Back vowels

6.4.1

Selecting the model

There were 1501 tokens of the back vowels o and u in the entire dataset (see section 3.1
for a detailed breakdown). Following the procedures outlined in chapters 2 and 4, they
were randomly divided into a training set, comprising 75% of tokens (1126) and a
validation set, comprising 25% of tokens (375). The training set was used to select an
optimal combination of variables, using a bidirectional automatic search algorithm
employing the Akaike Information Criterion. Of the twenty-two independent variables
considered, thirteen were selected into the model. They were then used to predict
normalized F2 scores for vowel tokens in the validation set and “R2” was calculated.
Predictors were then dropped one-by-one in the order that reversed the order in which
they were selected by the AIC procedure, and “R2” was recalculated. It was found to be
maximized without dropping any further variables from the model. Accordingly, all the
thirteen variables were used to construct the validated model of the training set.
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Table 6.4.1.1 shows the independent variables considered, listed in their order of
inclusion in the AIC-based model as well as “R2” values resulting from dropping the
given variable and all lower-ranked variables from the model, with variables included in
the validated model appearing above the thick line. Table 6.4.1.2 compares the statistical
data of the validated model of the training set with the predictions for the validation set
obtained using the same independent variables and the same regression coefficients.
Figures 6.4.1.1 and 6.4.1.2 show the correlations between predicted and obtained values
of the dependent variable in the training set and the validation set, respectively, providing
a graphical illustration of the strength of the relationship.
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Independent variable
preceding segment place
following segment place
vowel duration
preceding segment manner
preceding segment voicing
speech style
following segment manner
postpausal phonological word
word frequency
following segment voicing
clause-initial phonological word
prepausal phonological word
number of following consonants

AIC rank
1
2
3
4
5
6
7
8
9
10
11
12
13

“R2”
n/a
0.3359
0.4885
0.5394
0.5539
0.5680
0.5745
0.5832
0.5878
0.5921
0.5946
0.5964
0.5972

full AIC model
speech rate
word content/function
phonological word size
syllable content/function
subject
comparative intensity
vowel
clause-final phonological word
syllable position

n/a
not selected
not selected
not selected
not selected
not selected
not selected
not selected
not selected
not selected

0.5979
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Table 6.4.1.1 Variable selection for F2 back vowels model. AIC rank refers to the order of inclusion of the
variables in the initial model of the training set using the stepwise AIC algorithm (the AIC model). “R2” is
the correlation between the predicted and the obtained scores in the validation set obtained by dropping the
independent variable listed in the same line and all independent variables with a lower AIC rank. The
maximum “R2” is shown in bold and the bold line separates independent variables included in the validated
model (above the line) from the ones that were not included (below the line).
Statistic
Value
Difference

R2
0.5979
-0.037

“R2”
0.5614

RSE
0.6303
0.14

“RSE”
0.6443

Table 6.4.1.2 F2 in back vowels. Comparison of the key statistics of the validated model of the training set
and its predictions for the validation set. R2 = squared multiple correlation coefficient of the validated
model of the training set; “R2” = squared correlation coefficient between observed values of F1 in the
validation set and values predicted by the validated model of the training set. RSE = residual standard error
of the validated model of the training set; “RSE” = standard deviation of the differences between values
observed in the validation set and values predicted for the validation set by the validated model of the
training set. Difference indicates the difference between the statistics for the validation set and the statistics
for the training set.

336
4

3

2

R = 0.5979

2

1

0

-1

-2
-4

-3

-2

-1

0

1

2

3

4

5

6

Figure 6.4.1.1 The validated model of F2 of back vowels. Correlation between F2 values observed in the
training set (horizontal axis) and values predicted for the training set by the 13 predictors included in the
validated model (vertical axis). All units are standard deviations.
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Figure 6.4.1.2 The validated model of F2 of back vowels. Correlation between F2 values observed in the
validation set (horizontal axis) and values predicted for the validation set by the 13 predictors included in
the validated model (vertical axis). All units are standard deviations.
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The validated model is fairly accurate. R2 values between 0.5614-0.5979 indicate a
multiple correlation coefficient R between 0.75-0.77, i.e. a fairly strong linear
relationship between the dependent variable and the predictors. As far as model
validation is concerned, both the R2 and the “R2” values and the RSE and “RSE” values
are similar.

It should be noted that unlike the situation with front and central vowels, in this case the
variable vowel was not selected into the AIC model.

6.4.2

Categorical regression

The thirteen predictors that were included in the validated model were used to construct a
categorical regression (CR) model of the training set, so that the relative contribution of
different variables could be meaningfully assessed by comparing regression coefficients
computed on a uniform standardized scale. The R2 of the categorical regression model
was 0.613, indicating correlation coefficient R=0.78. The key statistics were thus very
similar to the values obtained by MLR. Table 6.4.2.1 summarizes the results, providing
also information about the usefulness of each variable calculated for the regular multiple
regression validated model, as discussed in the preceding section. All values reported are
absolute, i.e. ignoring the sign.
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Variable
preceding segment place
following segment place
vowel duration
preceding segment voicing
preceding segment manner
following segment manner
speech style
following segment voicing
clause-initial PW
postpausal PW
word frequency
number of following consonants
prepausal PW

AIC
1
2
3
6
4
5
7
10
11
9
8
13
12

usefulness
0.2025
0.1276
0.0396
0.0107
0.0148
0.0125
0.0062
0.0023
0.0017
0.0026
0.0029
0.0007
0.0008

b

0
0.638
0.381
0.242
0.152
0.149
0.134
0.083
0.068
0.051
0.047
0.043
0.040
0.035

0.593
0.357
0.169
0.224
0.101
0.053
0.108
0.021
0.054
0.065
0.127
0.164
0.102

partial
0.685
0.508
0.338
0.207
0.196
0.195
0.129
0.102
0.072
0.067
0.060
0.055
0.054

part
0.586
0.367
0.224
0.132
0.125
0.124
0.081
0.064
0.045
0.042
0.038
0.034
0.034

Table 6.4.2.1 Comparisons of MLR and categorical regression results, validated F2 back vowel models of
the training set. AIC rank refers to the order of inclusion of the variables in the initial model of the training
set using the stepwise AIC algorithm (the AIC model). Usefulness refers to the drop in R2 of the MLR
validated model when a given variable is dropped. b is the categorical regression regression coefficient, 0 is
the categorical regression zero-order correlation coefficient, partial is the categorical regression partial
correlation coefficient and part is the categorical regression part (semipartial) coefficient. All values are
absolute.

Figure 6.4.2.1 compares the usefulness of predictors, as estimated by MLR, with their
squared semipartial coefficients, as estimated by categorical regression. The relative
values of these two indicators are virtually identical, which justifies treating MLR and
categorical regression as equivalent.
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Figure 6.4.2.1 F2 of back vowels. Comparison of the MLR validated model of the training set (variable
usefulness) with the categorical regression model of the training set (squared part correlation, “part2”) built
with the same independent variables.

Figure 6.4.2.2 shows graphically the relative contribution of independent variables to F2
of central vowels estimated by the absolute values of the CR regression coefficients. As
was the case with front and central vowels, the place variables emerge as the strongest
predictors, with the preceding consonant playing a greater role than the following one. In
the case of back vowels, duration is ranked very high, in the third place. The manner
variables, and, somewhat surprisingly, preceding segment voicing also appear to be fairly
strong, while other variables play a lesser role.
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Figure 6.4.2.2 Relative impact of predictors on F2 of back vowels, estimated from the regression
coefficients (b-coefficients) of the CR validated model of the training set. The abbreviations used in this
table were defined in table 2.9.1 in chapter 2.

6.4.3

Individual predictors (MLR)

6.4.3.1 Intercept

The intercept of the MLR equation was 0.8. In other words, a back vowel was predicted
to have an F2 higher by 0.8 standard deviations (~177 Hz) than its mean value when the
contribution of all variables was equal to 0. As was explained in section 4.3.1, this is a
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purely mathematical construct with no inherent meaning, since some of the variables
cannot have the value of 0 (in this case, duration).

6.4.3.2 Preceding segment place

Figure 6.4.3.2.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment place. The reference category is shown in capitals (in this
case, dentals). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
2.00
1.50
1.00
0.50
0.00
-0.50
-1.00
-1.50
lab.***
(-267)

vel.***
(-198)

alv.
(-19)

DENTAL

palzd.* alvep.***
(101)
(175)

pal.**
(407)

Figure 6.4.3.2.1 MLR-estimated effect of the individual levels of the variable preceding segment place on
F2 of back vowels, in standard deviations, with dental as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz,
assuming 221 Hz as the average value of standard deviation for the F2 of back vowels.
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For back vowels, preceding labial and velar consonants pattern together, conditioning
significantly lower F2 values than preceding dentals. This is different from the situation
observed both for front vowels (where no consonants condition F2 values significantly
lower than dentals) and for back vowels (where F2 values significantly lower vis-à-vis
dentals were observed for preceding labials and alveolars). In the case of back vowels,
alveolars pattern with dentals. Consonants with a palatal component predictably
condition significantly higher F2 values than do dentals.

It is worth noticing that in absolute terms, the amount of F2 variation that can be
attributed to variation in preceding consonant place is very large, i.e. 674 Hz (from -267
for labials to 407 for palatals). This is much more than the variation observed for front
and central vowels (283 Hz and 367 Hz, respectively, cf. section 6.3.3.2), despite the fact
that the standard deviations of F2 values are comparable for front, central and back
vowels (229 Hz, 183 Hz and 221 Hz, respectively).

In our investigation of interaction effects involving preceding consonant place further on
in this chapter, we will refer to labials and velars as backing consonants, to alveolars and
dentals as neutral consonants and to palatals, alveopalatals and palatalized consonants as
fronting consonants. In this case also these are merely names of convenience, reflecting
the relative properties of the consonants. That is to say, we are not claiming that
consonants in the fronting group have a fronting influence vis-à-vis the idealized target
F2 frequency of the vowel, those in the backing group have a backing influence, and
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those in the neutral group have little or no influence. In fact, given the fact that back
vowels can be expected to have inherently low F2 values, it is likely that the low values
observed in the context of labial consonants are close to the target frequencies of the back
vowels. It is therefore likely that consonants of all or almost all places of articulation
result in F2-raising vis-à-vis the target formant frequency of the vowel.

6.4.3.3 Following segment place

Figure 6.4.3.3.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment place. The reference category is shown in capitals (in this
case, dentals). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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(139)
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(209)

Figure 6.4.3.3.1 MLR-estimated effect of the individual levels of the variable following segment place on
F2 of back vowels, in standard deviations, with dental as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe
indicates p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz,
assuming 221 Hz as the average value of standard deviation for the F2 of back vowels.

In relative terms, the way in which following consonants with different places of
articulation influence back vowels is basically identical to the way preceding consonants
do. The same groups of consonants condition significantly lower F2 values than do
dentals (velars and labials) and significantly higher F2 values (all the consonants with a
palatal component). The only differences lie in the fact that lower F2 values are observed
in the context of velars rather than labials and higher F2 values in the context of
alveopalatals rather than palatals, but within the current statistical paradigm it cannot be
verified whether these differences are significant.
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It should be noted that this consistency of the effect of preceding and following
consonants on the second formant is unique to the back vowels. Most importantly, for
both front and central vowels following velars differ from preceding velars in that they
condition significantly higher F2 values than dentals.

With dentals as the reference category, the variability of central vowels due to differences
in following consonant place can be estimated at 349 Hz (from -140 Hz for velars to
+209 for alveopalatals). In section 6.3.3.3, we estimated the same variability for front
vowels at 395 Hz, and for central vowels at 260 Hz. Thus the following-consonantinduced variability of the second formant does not increase as the vowel becomes more
back, which is what was observed for the preceding-consonant-induced variability (cf.
the preceding section).

In our investigation of interaction effects involving following consonant place further on
in this chapter, we will refer to labials and velars as backing consonants, to alveolars and
dentals as neutral consonants and to palatals, alveopalatals and palatalized consonants as
fronting consonants. This is the same grouping as the one used for preceding consonants;
as was explained in the preceding sections, these labels do not reflect claims about the
effect of these consonants vis-à-vis the target frequencies of the back vowels, but rather
their relative influence on them.
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6.4.3.4 Vowel duration

The regression coefficient for the variable vowel duration for central vowels was
estimated at -0.0081, significant at p<0.001. With the average standard deviation of F2
values of central vowels estimated at 183 Hz, this value indicates that for each additional
millisecond in vowel duration, the F2 value drops by 1.79 Hz.

As was argued in the introduction to this chapter, it is likely that when F2 is considered,
some consonants may have a lowering effect and others may have a raising effect. For
back vowels, this complication is less crucial. Given the fact that back vowels are likely
to have inherently low F2 values, a great majority of consonantal effects is likely to be
fronting (F2-raising). Nonetheless, it is still important to consider interactions between
the place variables and duration, as the precise role of duration may be different for
different classes of consonants.

In fact, both the interactions between preceding consonant place and duration and
between following consonant place and duration significantly improve model fit
(increases in R2 by 0.001, p<0.01 and 0.0116, p<0.001 respectively) and the predictive
power of the model (increases in “R2” by 0.003 and 0.014, respectively). Table 6.4.3.4.1
presents the regression coefficients for the variable duration calculated separately for six
models (vowels preceded/followed by fronting/neutral/backing consonants; for the
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definition of fronting, neutral and backing see sections 6.4.3.2 and 6.4.3.3). The models
were calculated using all the predictors included in the validated model plus duration.

Condition
preceding consonant
following consonant

fronting
0.0048 (1.06 Hz)
-0.015 (-3.32 Hz)

neutral
-0.0077 (-1.7 Hz)
-0.0086 (-1.9 Hz)

backing
-0.008 (-1.8 Hz)
-0.0043 (-0.95 Hz)

Table 6.4.3.4.1 Regression coefficients for the variable duration in different consonantal contexts, F2 of
back vowels. fronting, backing and neutral consonants for the preceding and the following segment
condition are defined in sections 6.4.3.2 and 6.4.3.3, respectively. The values are in standard deviations and
can be interpreted as change in standardized F2 value per each additional millisecond of vowel duration.
The values in brackets were estimated using 221 Hz as the average value of standard deviation of F2 for
back vowels.

When solely the effect of the following consonants is considered, the data in table
6.4.3.4.1 are fully consistent with the undershoot model, on the assumption that the target
F2 frequencies of the back vowels are so low that even the backing consonants (i.e.
labials and velars) increase them somewhat. As the vowel gets longer, the F2-raising
effect of the following consonant wanes; hence the negative signs of the regression
coefficients. This analysis is also applicable to the preceding consonant effect when the
backing and neutral consonants are considered, but the data for the fronting consonants
contradict it. It should be noted, however, that the last coefficient may not be wholly
reliable. Consonants with a palatal component are rarely followed by back vowels in
Polish; as a result, the effect of preceding fronting consonants was estimated on the basis
of merely 42 data points (vis-à-vis 499 for the neutral consonants and 586 for the backing
consonants). In the case of the following consonants, the distribution is much more even
(229 vs. 459 vs. 439). In fact, when the individual submodels are considered, the
regression coefficient for duration of vowels preceded by fronting consonants is the only
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one that is not statistically significant (p=0.6). It seems appropriate to say, therefore, that
the back vowel data support the existence of the undershoot mechanism in the F2
domain.

6.4.3.5 Word frequency

The MLR validated model estimated the regression coefficient for the continuous
variable word frequency at 0.0000013. This indicates an increase of approximately 29 Hz
per increase in word frequency of 100,000. The frequency of words in the training set
containing back vowels varied between 1-265,857, which means that in the most frequent
word in the dataset, F2 frequency was approximately 74 Hz higher than in the least
frequent word. Given the inherently low F2 values of back vowels, this can be interpreted
as indicating increased reduction in more frequent words. This is not unexpected in the
light of previous findings (e.g. Jurafsky et al. 2001).

This clear picture is somewhat complicated when the interaction between frequency and
preceding segment place is considered. This interaction significantly increased model fit
(increase in R2 by 0.0043, p<0.05) and its predictive power (increase in “R2” by 0.007).
Regression coefficients calculated separately for the three different types of consonants
were positive in the case of the fronting and the neutral consonants, but negative in the
case of the backing consonants. The last result suggests that back vowels are more back
after labials and velars in more frequent words. This is unexpected given the fact that, as
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shown in the preceding section, back vowels become more back as their duration
increases regardless of the consonantal context.

The interaction between following segment place and word frequency significantly
increased model fit (increase in R2 by 0.0093, p<0.05), but it decreased the predictive
power of the model (drop in “R2” by 0.04).

6.4.3.6 Speech style

Figure 6.4.3.6.1 presents the MLR-estimated regression coefficients for the levels of the
variable style. The reference category is shown in capitals (in this case, normal reading
style). Levels that are significantly different from the reference level are marked, and
their estimated impact in Hertz is also shown.
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0.2
0.18
0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0
NORMAL

fast*** (36)

narrative*** (40)

Figure 6.4.3.6.1 MLR-estimated effect of the individual levels of the variable style on F2 of back vowels,
in standard deviations, with normal reading as the reference category (shown in capitals). If applicable, the
fact that the given level is statistically significantly different from the reference level is shown ( '***'
indicates p <0.001, '**' indicates p<0.01 and '*' indicates p< 0.05 and the apostrophe indicates p<0.1
(almost significant)). The numbers in brackets indicate the approximate effect in Hertz, assuming 221 Hz as
the average value of standard deviation for the F2 of back vowels.

Back vowels have higher F2 values in the narrative style and the fast reading style than in
the normal reading style. This means that they are more front in the two-dimensional
vowel space, which can be interpreted as increased reduction in the less “formal” speech
styles. This is consistent with previous findings on other languages (e.g. Koopmans-van
Beinum 1980) and our findings on the role of style in F1 variability of mid and low
vowels reported in the preceding chapter.

The interaction between preceding segment place and style significantly improved model
fit (increase in R2 by 0.01, p<0.01), but it decreased the predictive power of the model
(drop in “R2” by 0.01). The interaction between following segment place and style
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significantly improved model fit (increase in R2 by 0.012, p<0.001) and it neither
increased nor decreased the predictive power of the model. Regression coefficients
calculated separately for the three different consonant types are shown in figure 6.4.3.6.2.
As can be seen, vowels preceding the backing consonants stand out from the others: there
is generally less reduction, and the fast style does not pattern with the narrative style.
0.25
0.2
0.15

fronting
neutral
backing

0.1
0.05
0
NORMAL

fast

narrative

Figure 6.4.3.6.2 Interaction between style and following segment place. The three lines link speech style
regression coefficients calculated separately for back vowels preceding consonants of the three different
place classes. All values are standard deviations.

6.4.3.7 Preceding segment voicing

Back vowels were found to have F2 value 0.4 sd. (~66 Hz) lower after voiceless
consonants. This effect was significant at p<0.001. It can be interpreted as decreased
reduction in this context. As was noted in section 4.3.8, there is the possibility that the
semi-automatic segmentation algorithm we used underestimated the duration of vowels
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after voiceless stops. For this reason, the regression coefficient estimated for this variable
may be a correction of this artifact, at least in part. We have previously suggested this
explanation for the more limited reduction observed after voiceless consonants in the F1
domain for mid and low vowels, cf. section 5.3.3.8 and 5.4.3.9. In addition, as was
suggested in section 5.3.3.8, voiceless segments tend to have greater than average glottal
opening, which may induce acoustic effects mimicking those of nasalization, due to the
coupling between the vocal tract and the subglottal cavity (John Ohala, personal
communication, Ohala and Ohala 1993). As will be discussed in section

6.4.3.14,

preceding nasals do indeed have an F2-lowering effect on back vowels.

6.4.3.8 Following segment voicing

Back vowels were found to have F2 values 0.11 sd. lower (~ 25 Hz) before voiceless
consonants. This effect was significant at p<0.05. It can be interpreted as more limited
reduction before voiceless consonants. A possible reason is the vowel’s assimilation of
the large glottal opening of voiceless consonants and the ensuing acoustic coupling
between the supraglottal cavity and the subglottal cavity (cf. 5.3.3.8 and the preceding
section).
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6.4.3.9 Prepausal phonological word

Back vowels were found to have lower F2 values in prepausal phonological words, by
0.08 sd. (approximately 18 Hz). This could indicate more limited reduction in this
context, which may be due to the fact that domain-final material has more limited
information value (cf. section 3.18). The interactions between this variable and the place
variables failed to simultaneously significantly increase model fit and the predictive
power of the model.

6.4.3.10 Postpausal phonological word

Back vowels were found to have higher F2 values in postpausal phonological words, by
0.16 sd. (~ 36 Hz). This effect was significant at p<0.01, and it can be interpreted as
increased reduction in this context. To the extent that pauses coincide with syntactic
boundaries, it is possible that back vowels are less reduced in domain-initial contexts,
where the lexical material is somewhat more likely to convey known information. It
should be noted, however, that in the F1 domain less reduction was found for mid and
low vowels.

The interaction between this variable and preceding segment place failed to significantly
increase model fit. The interaction with following segment place did significantly

354
increase model fit (increase in R2 by 0.05, p<0.01), but it decreased the predictive power
of the model (drop in “R2” by 0.012).

6.4.3.11 Clause-initial phonological word

Back vowels were found to have higher F2 values in clause-initial phonological words,
by 0.11 sd. (~23 Hz). This effect was significant at p<0.01 and it can be interpreted as
indicating increased reduction in this context. As was argued in section 3.19, it could
reflect greater predictability of lexical material in domain-initial contexts. It should be
noted, however, that a similar effect was not observed for any other types of vowels. It
was not found to significantly interact with the place variables (failure to significantly
increase model fit).

6.4.3.12 Number of following consonants

The MLR validated model estimated the regression coefficient for the ordinal variable
number of following consonants at -0.05. Although this variable passed the AIC search
and validation, the regression coefficient was not significantly different from 0 and has to
be treated with caution. Between 0-3 consonants followed back vowels in the same word
before another vowel. This indicates that the contribution of this variable varied between
subtracting nothing (-0.05*0) from the intercept and subtracting 0.15 sd. (-0.05*3) from
it. In other words, vowels followed by no consonants had F1 0.15 sd. (approximately 33
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Hz) higher than vowels followed by three consonants. Thus the F1 value was lowered by
approximately 11 Hz with each additional following consonant. To the extent that the
number of following consonants reflects syllable structure, this indicates more reduction
in open syllables, which is rather unexpected. (Note that for the low vowel, less reduction
was observed in more open syllables, cf. section 5.4.3.14).

The interaction between this variable and preceding segment place significantly increased
model fit (increase in R2 by 0.07, p<0.01), and the predictive power of the model
(increase in “R2” by 0.07). The regression coefficients calculated separately for the three
consonant classes indicate that back vowels have higher F2 values in more closed
syllables after the fronting consonants (increase of approximately 30 Hz for each
additional consonant) and lower F2 values in more closed syllables after the backing
consonants (drop of approximately 7 Hz for each additional consonant), with no change
after the neutral consonants. These results are thus inconsistent and do not shed further
light on the role played by this predictor.

The interaction between the number of following consonants and following segment
place did significantly increase model fit (increase in R2 by 0.013, p<0.001), but it
decreased the predictive power of the model (drop in “R2” by 0.015).
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6.4.3.13 Other variables potentially interacting with the place variables

Predictors reflecting differences in syllable position and the content/function status of
word or syllable were not selected into the AIC model. We have, however, considered
their potential interactions with the place variables. The results are summarized in table
6.4.3.13.1. As can be seen, only the interactions between the word and syllable
content/function distinction and preceding segment place fulfilled our criteria, i.e.
increased significantly model fit and improved (or did not change) the predictive power
of the model.

Predictor
stress
syllable content/function
word content/function

preceding segment place
0.0021, n/s
0.0081, p<0.01, 0
0.0056, p<0.01, 0.002

following segment place
0.016, p<0.001, -0.006
0.01, p<0.001, -0.013
0.007, p<0.01, -0.004

Table 6.4.3.13.1 Exploration of interactions between the place variables (columns) and other selected
variables (rows) for F2 of back vowels. Each cell shows in turn change in model fit (i.e. increase in R2 of
the training set) resulting from the addition of the interaction term, significance of the R2 increase and
change in the predictive power of the model (change in “R2” of the validation set). Changes in predictive
power were not calculated for interaction that did not significantly improve model fit. Cells are in bold if a
given interaction both significantly improves model fit and improves prediction. The variable stress is the
simplified version of the variable syllable position, cf. section 5.3.3.7.

We calculated separate regression models for back vowels preceded by the neutral and
the backing consonants, using all the variables in the validated model and the word
content/function variable on the one hand, and the syllable content/function variable on
the other. (There were no instances of back vowels preceded by fronting consonants in
function syllables and function words). In the case of the syllable-based predictor, we
found that back vowels have higher F2 values in function syllables both after the neutral
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consonants (by approximately 14 Hz) and after the backing consonants (by
approximately 22 Hz), indicating that they are more reduced in this context. This is in
line with findings concerning the content/function distinction in other languages (cf. for
example van Bergem 1993). In the case of the word-based predictor, we found that back
vowels had higher F2 values in function words after the backing consonants (by
approximately 57 Hz), but lower after the neutral consonants (by approximately 17 Hz).
That last finding is unexpected.

6.4.3.14 Preceding segment manner

Figure 6.4.3.14.1 presents the MLR-estimated regression coefficients for the levels of the
variable preceding segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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0.00
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-0.10
-0.15
-0.20
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(-54)

STOP

Figure 6.4.3.14.1 MLR-estimated effect of the individual levels of the variable preceding segment manner
on F2 of back vowels, in standard deviations, with stop as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz, assuming
221 Hz as the average value of standard deviation for the F2 of back vowels.

Back vowels were found to have significantly lower F2 values after consonants of all
manners, vis-à-vis stops. This consistency sets this result apart from the more complex
findings for front and central vowels. It is not clear what the source of this manner-related
variation is.

Adding to the validated model an interaction term between preceding segment place and
manner significantly improved model fit (increase in R2 by 0.07, p<0.01) and it improved
prediction (decrease in “R2”by 0.002). It is impossible to present graphically the manner
regression coefficients calculated separately for fronting, neutral and backing consonants,
because not all categories were represented in each place group. (In fact, only preceding
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stops with all three different place of articulation types could be found). However, the
regression coefficients for each dummy variable in each submodel were negative,
indicating that the F2-lowering vis-à-vis stops occurs regardless of the place of
articulation of the preceding consonant.

6.4.3.15 Following segment manner

Figure 6.4.3.15.1 presents the MLR-estimated regression coefficients for the levels of the
variable following segment manner. The reference category is shown in capitals (in this
case, stops). Levels that are significantly different from the reference level are marked,
and their estimated impact in Hertz is also shown.
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Figure 6.4.3.15.1 MLR-estimated effect of the individual levels of the variable following segment manner
on F2 of back vowels, in standard deviations, with stop as the reference category (shown in capitals). If
applicable, the fact that the given level is statistically significantly different from the reference level is
shown ( '***' indicates p <0.001, '**' indicates p<0.01, '*' indicates p< 0.05 and the apostrophe indicates
p<0.1 (almost significant)). The numbers in brackets indicate the approximate effect in Hertz, assuming
221 Hz as the average value of standard deviation for the F2 of back vowels.
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Variation related to following consonant manner differs from that attributable to
preceding consonant manner. Stops do not condition the highest F2 values, fricatives and
affricates do. The only effect of following consonant manner that is consistent with the
effect of the preceding consonant with the same manner of articulation is the F2-lowering
found in the context of nasals. It is not clear what causes the manner-related differences,
nor why there is an asymmetry in the impact of preceding and following consonants.

Adding to the validated model an interaction term between preceding segment place and
manner significantly improved model fit (increase in R2 by 0.011, p<0.01) and it
improved prediction (decrease in “R2” by 0.011). In this case also it is impossible to
present graphically the manner regression coefficients calculated separately for fronting,
neutral and backing consonants, because not all categories were represented in each place
group. (Only following stops, nasals and fricatives with all three different place of
articulation types could be found).

6.4.4

Summary

It appears that the variation of the back vowels in the F2 domain can be explained by the
undershoot model of vowel reduction. The three key variables – preceding and following
consonant place and duration – emerge as the strongest predictors of reduction. The
analysis of their interactions is by and large consistent with the undershoot model. On the
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undershoot account, it can be inferred that the target F2 frequencies of back vowels are
lower than those observed in any consonantal context.

Although the results were not always absolutely clear-cut, it does appear that the back
vowels are less reduced in the normal reading speech style, in content syllables and in
less frequent words. On the other hand, the results for the content/function distinction in
words are unexpected and no evidence for an effect of stress has been found.

Back vowels are also less reduced in prepausal phonological words, non-postpausal
phonological words and clause-initial phonological words. There is a possibility that this
variation reflects the differing information value of lexical material appearing in different
positions. Differences in the scope of reduction have been found for different levels of
the voicing variables, and for different syllable shapes (as represented by the variable
number of following consonants).

As is the case with front and central vowels, the impact of different manner classes on F2
is complex and escapes a clear account. On the other hand, back vowels are unique in that
the vowel term has not been selected into the model, which indicates that their behavior
in the F2 domain is uniform regardless of their height.
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6.5

General discussion

In this section we will attempt to synthesize the findings reported in this chapter, We will
first consider the variables related to Lindblom’s (1963) undershoot model of vowel
reduction. Next, we will turn to other phonetic and phonological variables and finally to
nonphonetic variables.

6.5.1

Consonant place and vowel duration

In the second formant models, vowel duration appears to play a smaller role than in the
first formant models. In both cases, it was not selected as an important predictor of vowel
reduction for one group of vowels (front and high, respectively). The situation is different
for other vowel classes. In the F1 domain, it is ranked third (for mid vowels) and first (for
the low vowel). In the F2 domain, it is ranked seventh (for the central vowels) and third
(for the back vowels). The results for F1 and F2, however, are not directly comparable in
this respect. As was argued above, for the non-high vowels, consonants of various places
of articulation have a uniformly F1-lowering effect. This means that within the
undershoot model, the role of duration is largely independent of the place of articulation
of the consonant: increased duration results in all cases in an increase in F1 frequency.
The situation is much more complex in the F2 domain. Because different classes of
consonants can have either formant-raising or formant-lowering influences, increased
duration may result either in formant lowering or formant raising. This means that a
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single regression coefficient for duration is inadequate, and the variable-selection
procedures we used are likely to underestimate the true contribution of vowel duration.
To understand its role more fully, interaction effects need to be considered.

In fact, when these are taken into consideration, we find that there are good reasons to
assume that a Lindblom-style undershoot mechanism is at work. This is particularly clear
for central vowels. For back vowels, only the data for preceding fronting consonants were
inconsistent with the undershoot model; however, we have argued that this finding is
likely to be unreliable, as back vowels in Polish are rarely preceded by the fronting
consonants. For the front vowels, only the data for following consonants were consistent
with the undershoot model.

At the end of chapter 5, we compared our findings to Lindblom’s (1963) original
undershoot model, concluding that there is a strong similarity between them. In
particular, Lindblom’s model predicts no undershoot for high vowels, and then increased
contribution of duration (rate of change) the lower the vowel is in the vowel space, i.e.
the further apart its target F1 frequency and the consonant F1 locus are. In the case of F2,
it is not possible to estimate the durational effect Lindblom’s model predicts for Polish
vowels, because the formulas require the knowledge of formant frequencies at the onset
of the vowel. In fact, as was discussed in section 1.1, in Lindblom’s model the size of the
duration effect is directly related to the distance between the formant frequency at the
vowel onset and the target formant frequency of the vowel. This means that for F2,
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Lindblom’s model also predicts that the contribution of duration should increase the
further the vowel’s target frequency is from consonantal locus, to the extent that
differences in F2 at vowel onset reflect differences in consonantal loci.

Lindblom only incorporated F2 frequency at vowel onset into his formulas; however, he
only considered symmetrical consonantal context. It is likely that in the case of
asymmetrical contexts, the distance between the vowel target and the following
consonant would play a role as well. In fact, for our findings this appears to clearly be the
case for following fronting consonants. (For all vowel classes, these include all the
consonants with a palatal component; for front and central vowels the class also includes
velar consonants). The regression coefficient for the variable duration for front vowels
followed by fronting consonants was -0.0018, for central vowels -0.008 and for back
vowels -0.015. These coefficients indicate that front vowels followed by fronting
consonants “lose” approximately 0.4 Hz in F2 formant frequency for each additional
millisecond of duration, central vowels “lose” approximately 1.45 Hz and back vowels
“lose” approximately 3.3 Hz. In other words, the increase in duration that is necessary to
counteract the fronting influence of the following fronting consonants is greater the more
back the vowel is.

Our data are thus very consistent with the predictions of Lindblom’s (1963) undershoot
model in the case of the consonants that have the greatest relative impact on the F2
frequencies of the Polish vowels, vis-à-vis other following consonants. This is not the
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case, however, for preceding fronting consonants and difficult to assess for other classes
of consonants due to differences in the directionality of consonantal effects.

Comparing the consonantal effects observed by Lindblom with those found in our study
is more complicated. It has to be limited to the consonants with places of articulation that
were used by Lindblom (labials, dentals and velars). An additional complexity is caused
by the fact that there is no one-to-one correspondence between the vowels of Polish and
those of Swedish. We have decided to use those of the Swedish vowels analyzed by
Lindblom that have fairly close analogs in Polish: the front vowels [I] and [E], the central
vowel [a] and the back vowels [ç] and [U]. We assumed that those can be taken to stand
in a rough correspondence with the Polish vowels i, e, a, o and u, respectively.

To mimic the vowel durations observed in Lindblom’s study, we obtained the mean
duration values of the vowels appearing in the training sets. These were 48 ms. for i, 58
ms. for e, 63 ms. for a, 56 ms. for o and 49 ms. for back. Using these values, we obtained
the formant frequency values predicted by Lindblom’s equations for the “corresponding”
Swedish vowels in the three symmetrical consonantal contexts (labial, dental and velar).
We then calculated the differences between values predicted for the labial context and the
dental context, and for the velar context and the dental context. Next, we averaged these
values for the front, central and back Swedish vowels.
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For the Polish vowels, we used the sums of the standardized regression coefficients for
preceding and following labials, dentals and alveolars, for the three classes of vowels.
These values estimate the duration-independent differences between vowels surrounded
by labials and vowels surrounded by dentals, and between vowels surrounded by velars
and vowels surrounded by dentals. As such, they are comparable to the values predicted
for Swedish by Lindblom’s equations, as described in the preceding paragraph. We then
converted the standardized regression coefficients to Hertz values, using the average
standard deviations of F2 values for the male speakers only (since Lindblom’s speaker
was a male).

The results of this comparison are presented in figure 6.5.1.1.The absolute sizes of the
consonantal effects differ greatly between Polish and Swedish, but in a regular way:
Lindblom’s equations predict a greater impact of labials and velars (vis-à-vis dentals) for
all classes of vowels. This is indicated by the fact that the Swedish data points are always
further away from 0 (which represents dentals, the reference category) than the
corresponding data points for Polish. The relative effects of labials and velars vis-à-vis
dentals are very similar. In both cases, vowels surrounded by labials are predicted to have
lower F2 values than vowels surrounded by dentals, and the differences between them
increase the more back the vowels are. In both cases, front and central vowels are
predicted to have higher F2 values when surrounded by velars than when surrounded by
dentals, with small differences between front and central vowels. Finally, in both cases
back vowels are predicted to have lower F2 values when surrounded by velars than when
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surrounded by dentals. Considering the differences in methodology and language, as well
as the fact that both studies are based on small samples of speakers, these similarities are
striking.
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velar (L)
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velar (P)
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-400
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Figure 6.5.1.1 Differences between vowels in symmetrical labial and velar context and in symmetrical
dental context predicted for Swedish vowels by Lindblom’s (1963) equations (L) and between
“corresponding” Polish vowels spoken by the male speakers in the current study (P). Refer to the text for
details.

6.5.2

Other phonetic and phonological variables

The manner of following and preceding consonants was found to be a fairly strong
predictor of vowel reduction. Unlike the situation observed for F1, the effects are
complicated, differ strongly for different vowel classes and escape a straightforward
explanation.
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Speech rate was found to affect the F2 of front vowels, but the source of this effect is
unclear. Syllable position was not found to determine the degree of reduction of vowels
in the F2 domain, although the simplified variable stress did enter into interactions with
the place variables for front vowels, suggesting that it does play a (small) role in the
degree of reduction. This is, however, very different from the situation observed in the F1
domain, where syllable position was found to be a strong predictor of formant frequency
in mid and low vowels.

The voicing variables and number of following consonants were found to play a small
role in the F2 variability of back vowels. Although there is a potential explanation in the
former case (cf. the relevant sections), it is striking that none of these effects were found
for vowels with other degrees of frontness.

The vowel variable was selected into the models for front and central vowels, indicating
that there are differences in the behavior of different vowels with similar degree of
frontness. There was no evidence for differences in the F2 variability of o and u.

6.5.3

Other relevant variables

As far as the content/function distinction is concerned, the word-based variable was
selected into only one model (central vowels) and the syllable based one into none.
However, the examination of interactions indicated that in some cases, the expected
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increased reduction is found in the functional domains. In other cases, the evidence was
unclear or contradictory. Back vowels were also found to be more reduced in more
frequent words, and front and back vowels were found to be less reduced in the normal
reading speech style.

The postpausal variable was found to play some role in the variability of F2 in central
and back vowels, and the prepausal variable and the clause-initial variable were found
to influence back vowels. To a certain extent, these effects were found to be compatible
with an explanation related to syntactic structure. However, since higher formant values
were found in domain-initial contexts (postpausal phonological words and clause-initial
phonological words) and lower F2 values in domain-final contexts (prepausal
phonological words), these effects may be also analyzed as reflecting pitch-related
differences in the vertical position of the larynx, associated with the phenomenon of pitch
declination (cf. section 5.5.3).

6.5.4 Variables not selected into any model

As was mentioned above, the syllable position variable and syllable content/function
distinction variable were not selected into any models, but there was some evidence for
their role when interactions with the place variables were examined. In contrast to the F1
domain, the second formant of vowels was not found to correlate with intensity of the
vowel. This is not surprising, for while F1 is likely to be strongly correlated with the
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degree of vertical opening of the vocal tract, which in turn is likely to be correlated with
intensity, there is no such straightforward relationship for F2. Phonological word size,
clause-final phonological word and the subject variable also failed to be selected into
any models. The non-significance of the subject variable indicates that the formantfrequency standardization technique used was successful, and that individual speakers did
not employ different vowel reduction strategies.

6.5.5

Conclusions

As was the case with F1, Lindblom’s (1963) model of target undershoot appears to be
applicable to Polish vowels in the F2 domain. While explicit comparisons with
Lindblom’s model are more difficult due to the varying directionality of consonantal
effects, there are indications that, as in Lindblom’s model, the role of duration increases
as the distance between the vowel target and the loci of the neighboring consonants
increases. For the consonant places that could be compared, our observations match fairly
well those of Lindblom.

Some effects of such factors as stress, speech style and the content/function distinction
were found, but they appear to be far less robust in the F2 domain than in the F1 domain
(in the case of non-high vowels).
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7

General discussion

7.1

Vowel target undershoot in Polish

Lindblom (1963) introduced the target undershoot model of vowel reduction as an
explanation for the differences in formant frequencies of stressed and unstressed vowels
that are observed in many languages. His reasoning was based on the observation that
vowel reduction is characteristic of languages in which “stress is known to be positively
correlated with vowel duration” (517). He also invoked Polish as an example of a
language in which little reduction is observed in unstressed syllables. This claim was
based on the findings of Jassem (1959), who compared stressed and unstressed vowels in
a small number of carefully articulated words. Although Lindblom (1963) does not state
this explicitly, it appears that in the context of his model the alleged absence of vowel
reduction from Polish must be a consequence of the limited correlation between stress
and vowel duration.

In fact, it does appear that the duration of unstressed vowels in Polish differs from the
duration of stressed vowels less dramatically than in some other languages. Jassem
(1962) estimated the duration ratio of stressed to unstressed nonfinal vowels at 1.17:1 on
average. In our data, the grand mean of duration of vowels that are expected to be
stressed based on their position in the word is 65 ms.; for vowels that are not expected to
be stressed, the grand mean of duration is 53 ms. This yields a ratio of 1.22:1. For
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English, Crystal and House (1988b) estimated the same ratio at 2:1 for monophthongs
and 1.5:1 for diphthongs.

Lexical stress, however, is not the sole determinant of vowel duration. In this work, we
have found that in addition to its position within the word, the duration of Polish vowels
is strongly influenced by many other factors, including most obviously speech rate, but
also speech style, the manner and voicing of the neighboring consonant, syllable structure
and the position of the vowel in the clause. As a result, the durational variation of Polish
vowels is quite considerable. Unsurprisingly, we have found strong evidence for vowel
target undershoot in our data.

In fact, the presence of this phenomenon in Polish has not gone unnoticed. Stieber 1966,
Steffen-Batogowa 1975 and Sawicka 1995 have all pointed out that, impressionistically,
Polish vowels tend to have fronted and raised variants in the vicinity of “soft” consonants
(i.e. palatalized consonants, palatals and alveopalatals). These authors, however, have not
thought about this variations as a type of vowel reduction, because they did not approach
it from the standpoint of the target undershoot model. In this work, we have found that
the “soft” consonants have a very strong impact on Polish vowels in both the F1 domain
and the F2 domain (although the impact of many other consonants is also non-negligible)
and that this impact wanes as the duration of the vowel increases. We take it to be a clear
demonstration of the applicability of the target undershoot model to the variability of
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Polish vowels and we believe that it is appropriate to describe this variability as “vowel
reduction”.

Acoustic patterns reflect articulatory configurations. It can therefore be assumed that a
greater distance between the acoustic targets of the vowel and the neighboring consonant
indicates a greater difference between the articulatory configurations required for the
vowel and the consonant in question. It is entirely intuitive that in such a situation we
should observe greater coarticulation, i.e. that the speaker is less likely to achieve the
target articulatory configuration of the vowel (or the consonant or both) than when the
vowel and the consonant are more compatible articulatorily. The palatal component of
the Polish “soft” consonants require greater displacement of the tongue front and the
tongue body than any other consonants (Wierzchowska 1967). It is therefore unsurprising
that the greatest amount of target undershoot is observed in their context.

It should be noted at this point that we are assuming a rather broad definition of what the
articulatory target of the vowel is. We think it is likely that a fully canonical, absolutely
context-free realization of a vowel – i.e. one which is unlikely if not impossible to be
found in real speech data – involves specific articulatory requirements for all parts of the
vocal tract, not just the tongue body. We do not take the fact that the target formant
frequency is not reached in a given vowel token to indicate that a specific distance
between the highest part of the tongue body and the palate is not achieved. That may or
may not be the case in any given instance. However, to the extent that there is a
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difference between the observed formant frequencies and the target formant frequencies,
and that difference can be ascribed to the influence of the neighboring consonants, some
aspect of the ideal articulatory configuration of the vowel has not been achieved because
the articulatory gesture required for the consonant has not ended in time or has began
“too early”. For example, while the tongue body may be in the required position, the
tongue tip may be too elevated or the lips spread too wide. Of course, such issues cannot
be fully resolved through an acoustic investigation alone.

The role of the acoustic and articulatory distance between the vowel and the consonant in
target undershoot does not end here, but it is closely related to the contribution of
duration. In this respect, we have found a very good match between our findings and
Lindblom’s (1963) predictions. For the first formant, Lindblom predicts no undershoot in
high vowels and then increasingly greater contribution of duration as the vowel becomes
more open. Since all the consonants of Polish can be assumed to have a lowering
influence on the first formant, the prediction is essentially that the role of duration
increases as the distance between the vowel and the consonant increases. For the second
formant, this prediction is explicitly written into Lindblom’s formulas: the duration term
is an exponent of a power term in which part of the base is the distance between the
formant frequency at vowel onset and the target frequency of the vowel.

At this point, it should be clarified what is meant by the contribution of duration. We are
referring here to consonant-independent contribution of duration. In our multiple
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regression results, this is directly represented by the regression coefficients for the
variable duration. As was noted in chapter 2, regression coefficients represent the unique
contribution of a given variable. For a continuous variable like vowel duration, regression
coefficients essentially represent the rate of change in Hertz per millisecond. To say that
this rate of change is greater for one vowel than another is to say that, given the same
consonantal context, the same change in duration will result in a greater change in
formant frequency for the former than for the latter. To say that this rate of change is
positively correlated with the distance between the target for the vowel and the target for
the consonant is to say that the greater the acoustic incompatibility between the vowel
and the consonant is, the faster the acoustic changes must be. This in turn can be
understood to indicate that the greater the distance between the articulatory configuration
for the vowel and for the consonant, the faster the articulatory gestures must be.

It is important to note at this point the major limitation of multiple linear regression. As
the name indicates, this statistical tools only models linear relationships; it cannot capture
more complex relationships. The fact that we have found a greater rate of change of F1
for, say, the vowel a than for the vowel e may indicate that in the former case, the
articulators move with greater constant speed than in the latter. However, it could also
indicate that there is constant acceleration as the articulators move from the consonantal
configuration to the vocalic one (or vice-versa). Such a phenomenon could not be
captured with multiple linear regression.

376
Sawicka (1995) captures the variability of Polish vowels in the context of “soft”
consonants by postulating a number of allophonic rules that substitute more close and
more front variants of vowels for their more open and more back counterparts. The fact
that such variation can be successfully modeled using the target undershoot model does
not preclude the possibility that more categorical changes also occur. Within the
approach taken here, this simply could not be verified. However, we did observe that the
vowel e was more sensitive to consonantal influences in the F1 domain than the vowel o,
and that it appeared to be more influenced in the F2 domain than the vowel i. This might
indicate that in the vicinity of the “soft” consonants it changes in a way that exceeds
coarticulatory requirements.

Our results agree with Sawicka’s impressionistic descriptions in another respect. She
suggests that the fronting and raising processes are more common between “soft”
consonants and after them than before them. In our data, target undershoot due to the
influence of the “soft” consonants is more pervasive when the source of the effect is the
preceding consonant than when it is the following consonant. This is also supported by
the fact that Nowak (2006) showed that the perception of Polish alveopalatals depends to
a greater extent on the following vowels than on the preceding vowels. It is unclear what
the source of this difference is, but it does not seem to be limited to the “soft” consonants.
For example, the impact of preceding labials on the two formants is greater than that of
the following labials for all vowel categories, with the exception of front vowels, where
the difference is in the opposite direction, but only 6 Hz. Lindblom’s (1963) undershoot
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model does not make any predictions in this respect, because he only considered
symmetrical consonantal context. It is however imaginable that there are different
coarticulatory strategies at the CV boundary and at the VC boundary. Velars, for
instance, are well known to have different coarticulatory patterns with preceding and
following vowels in many languages (Stevens 1998). Such a difference could for
example be a function of different dynamics of the consonantal release gesture and the
consonantal closing gesture (Alan Timberlake, p.c.).

The mechanism of phonetic undershoot in its general form is easier to capture in the F1
domain than in the F2 domain. This is of course related to the fact that for non-high
vowels, consonants of most places of articulation have a uniformly F1-lowering
influence, but their influence on F2 may differ greatly depending on the target formant
frequency of a given vowel. This is not a great problem when the “soft” consonants are
considered, as they increase the second formant of F2 of all vowels (except i). The effect
of other consonants is more difficult to assess. Nonetheless, we have found evidence that
strongly indicates that the non-fronting consonants have an F2-lowering influence on
front vowels (cf. section 6.2.3.4) while the backing consonants have an F2-raising
influence on the back vowels (cf. section 6.4.3.3). (These consonantal classes were
defined separately for different vowel classes and for the following and the preceding
consonants, but in each case they include labials). The result of such conflicting
influences is ostensible centralization. While Sawicka (1995) is probably right in
asserting that vowel reduction understood as centralization to schwa does not frequently
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occur in Polish, it can be argued that its seeds are present when the “non-soft” consonants
are considered. Since the effects of the “non-soft” consonants are far smaller than those
of the “soft” ones, it is possible that the lack of this type of reduction is constrained by
the admittedly limited durational variation of Polish vowels (vis-à-vis many other
languages).

7.2

Stress

As was mentioned before, the main goal of Lindblom’s (1963) undershoot model was to
account for the fact that vowels in some languages are more reduced in unstressed
syllables. He attributed this to the fact that unstressed vowels tend to be shorter.
However, it has since been shown that stress has effects on vowel reduction that go
beyond what can be attributed to the changes in duration it causes (Harris 1978, Nord
1986). In this work, we did not consider stress directly, i.e. we did not record our
impressionistic judgments about the degree of stress. We did consider, however, the
position of the vowel in the word. Since lexical stress in Polish is predictable, we were
able to compare the behavior of vowels that are expected on phonological grounds to
carry lexical stress and those that are not.

We found strong evidence that non-high vowels are more reduced in the non-stressable
positions in the F1 domain, independently of duration. There was also some evidence that
this is the case in the F2 domain, albeit it was less clear. In addition, we found that
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intensity of the vowel was a good predictor of the degree of reduction of the vowel in the
F1 domain; it is possible that this variable captured additional accentuation effects (e.g.
phrasal accent).

It is not entirely clear what the mechanism of the duration-independent impact of stress
on the degree of vowel reduction is. One possibility is that stressed syllables involve
faster articulator movements; an explanation along these lines was suggested by Moon
and Lindblom (1994) for style-related differences in undershoot. Another possibility,
which may not contradict the first one, is that in unstressed syllables there is a greater
overlap between the consecutive articulatory gestures, or “truncation” (Edwards et al.
1991).

Barnes (2002) and Flemming (2006) relate Lindblom’s (1963) target undershoot model to
phonological vowel reduction in unstressed syllables observed in many languages. They
both point out that the model correctly predicts reduction processes to be more common
in the height domain. Flemming notes that phonological vowel reduction in the F2
domain is commonly found only when very short vowels of all types are reduced to
schwa (as is the case in English). This is a natural consequence of the fact that most
consonants have divergent effects on the second formant of vowels, depending on their
degree of frontness. However, since palatal and palatalized consonants have a uniformly
fronting influence, we should be able to find a pattern in which unstressed vowels are
phonologically reduced to a front vowel in such a case, regardless of whether the
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phonetic seeds of such a phonological process were to lie only in the shortening of
unstressed vowels or an additional effect of destressing were involved. In fact, this seems
to be the case in Russian, a language closely related to Polish. In Russian, vowels are
often reduced to schwa; however, after palatalized consonants, non-high vowels are
reduced to [I] (Comrie 1990). 1

7.3

Non-phonetic and non-phonological variables

Previous studies on other languages have found that there are differences in the degree of
vowel reduction between speech styles (Moon and Lindblom 1994, Koopmans-van
Beinum 1980) and between content words and function words (van Bergem 1993). We
have found evidence for the presence of this phenomenon in Polish, most consistently in
the F1 domain for non-high vowels. More precisely, we have found that vowels tend to
be less reduced in content words or syllables, and in the normal reading style, arguably
the most “formal” of the speech styles we observed. It appears likely that these processes
are governed by the same mechanism as stress-related differences, but we are not in a
position to confirm this intuition.

On the other hand, there was little evidence that word frequency plays a major role in
determining the scope of vowel reduction. The variable was selected into one model only,
for back vowels, and its impact was minor. Reduction processes are known to be more
1

Barnes (2002) presents an analysis of vowel reduction in Russian, but he does not discuss this specific
case in detail.
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common in more frequent words, because word frequency is a (crude) measure of
predictability of lexical material and greater predictability allows greater reduction (cf.
Jurafsky et al. 2001). However, Wright and Kilanski (2006) have recently argued that
frequency may play a major role in coarticulatory processes (as opposed to categorical
processes such as deletion) only as a factor affecting the difficulty of lexical items. This
is a much more complex notion which we were not able to explore in this work.

Lexical items may also be more or less predictable depending on their position in the
sentence. In this work, we have assumed that in an SVO language like Polish, more
predictable words are more likely to occur phrase-initially and less predictable words
phrase finally. Our data indicate that non-high vowels may indeed be more reduced in
clause-final phonological words, and back vowels may be less reduced in clause-initial
phonological words. All of these effects, however, were very small.

7.4

The effect of manner

The only variables whose impact was comparable in scope to the impact of the
undershoot-related variables (i.e. place and duration) were preceding and following
segment manner. These are more difficult to interpret, as there are few clear predictions
about the impact of differences in manner on the degree of vowel reduction.
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In the F1 domain, the greatest effect was that of nasal consonants. For each vowel type,
both preceding and following nasals conditioned significantly higher F1 values (vis-à-vis
dentals). F1-raising is an expected effect of contextual nasalization in the case of high
and mid vowels, but for the low vowel previous studies make conflicting predictions
(Wright 1986, Stevens 1998). Only Wright’s findings are consistent with ours. In the F2
domain, nasals conditioned higher F2 values for the front vowels, but lower F2 values for
the back vowels. This indicates that the vowel space is expanded in this domain under
nasalization, which is unexpected. A further complication is that interactions between
segment place and manner were observed (cf. section 6.2.3.7 and 6.2.3.8).

Liquids also had a strong effect on the formants (vis-à-vis stops), particularly in the F1
domain. Figure 7.4.1 presents regression coefficients for preceding and following laterals
for all vowel classes, and figure 7.4.2 presents regression coefficients for preceding and
following trills for all vowel classes.
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Figure 7.4.1 Regression coefficients for laterals for all six vowel categories (Hertz estimates). In each
case, they estimate difference in F1 or F2 value vis-à-vis stops (i.e. the value for stops is 0 in each
category).
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Figure 7.4.2 Regression coefficients for trills for all six vowel categories (Hertz estimates). In each case,
they estimate difference in F1 or F2 value vis-à-vis stops (i.e. the value for stops is 0 in each category).

With the exception of the following laterals in the case of high vowels, higher F1 values
are observed in the vicinity of liquids than in the vicinity of stops. This pattern is not
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surprising, as it can be observed in other languages. Some English dialects neutralize
vowel height distinctions before laterals in favor of the more open variant (Labov et al.
2006). Recasens (1991) and Recasens and Pallares (1999) have shown that trills require
active lowering of certain parts of the tongue body. The situation observed for F2 is more
puzzling. In general, it appears that following liquids condition lower F2 values than
preceding liquids (but not necessarily lower vis-à-vis stops). While liquid consonants are
known to have asymmetrical patterns of coarticulation with vowels (Stevens 1998), a
precise account of these differences is beyond the scope of this work.

It should also be noticed that in the case of liquids, there is an additional complication.
We have classified them as alveolar together with the “retroflex” fricatives and affricates.
It is likely that these two groups do actually have somewhat different places of
articulation; the regression coefficients for trills and liquids may therefore be a
“correction” of our simplified classification of the place of articulation. In particular, the
articulation of the “retroflex” consonants is likely to be more retracted (post-alveolar
rather than alveolar, cf. Ladefoged and Maddieson 1996). This suggests that liquids
should condition higher F2 values; consequently, the “corrective” regression coefficients
for them should be positive. As can be seen from figures 7.4.1 and 7.4.2, this is the case
only in some instances.
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There are also difficulties with the interpretation of the impact of fricatives (vis-à-vis
stops). Figure 7.4.3 presents regression coefficients for preceding and following fricatives
for all vowel classes
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Figure 7.4.3 Regression coefficients for fricatives for all six vowel categories (Hertz estimates). In each
case, they estimate difference in F1 or F2 value vis-à-vis stops (i.e. the value for stops is 0 in each
category).

As can be seen, preceding fricatives condition higher formant values (vis-à-vis stops) in
the F1 domain, which can be interpreted as more limited reduction. In the F2 domain,
they condition lower F2 values (vis-à-vis stops). Given that the strongest consonantal
effects in the F2 domain are F1-raising, the effect of fricatives can also be interpreted as
more limited reduction. The effects of following fricatives are generally smaller and in
the opposite direction. It is unclear why fricatives should differ from stops in terms of the
consonantal impact on vowels. There are several possibilities which cannot be explored
in detail here. First, once again the manner term may in fact be “correcting” errors
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stemming from clustering together consonants with similar, but non-identical places of
articulation. In the context of fricatives, the relevant place category we used is labials,
which encompasses bilabial stops and nasals and labiodental fricatives. Second, there
could be systematic differences in the estimated vowel duration, stemming from the use
of the semi-automatic segmentation algorithm. Thus, since it seems that more limited
reduction is observed after fricatives than after stops, it is conceivable that the true
duration of post-fricative vowels was underestimated. Finally, there could be a true
difference in the coarticulatory requirements imposed by fricatives and stops. Whichever
of these answers is correct, a challenge lies in explaining the asymmetry observed
between following and preceding fricatives.

As could be expected, in no case do the following affricates condition significantly
different formant values than stops. Some differences, however, were observed, and for
back vowels this difference was quite large and nearly significant (+46 Hz., p<0.1).
Preceding affricates tend to pattern with preceding fricatives, as expected.

The observed effects of approximants do not present a clear pattern. There is evidence
that in the F2 domain their effect cannot be adequately considered without taking into
account interactions with place of articulation (cf. section 6.2.3.8). In the F1 domain,
their effects vis-à-vis stops are generally small; only for preceding approximants in the
case of mid and low vowels significant formant-raising effect is observed.
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7.5

Other phonetic and phonological variables

Every other single other phonetic and phonological variable was selected into at least one
model. The sources of these effects are largely unclear. One exception is preceding
segment voicing; it is likely that in those cases in which more limited reduction was
found in this context, it reflects at least partially the underestimation of vowel duration
after voiceless stops (cf. sections 4.3.8 and 5.3.3.8). The low vowel and back vowels
were also found to be less reduced before voiceless consonants, for reasons that are
unclear. Less reduction was found in more open syllables in the case of the low vowel in
the F1 domain, but more in the case of the back vowels in the F2 domain. The low vowel
was also found to be less reduced in shorter phonological words. Speech rate was found
to be relevant for high and front vowels, and at least in the former case the effect was
unexpected, in as much as speech rate is a determinant of vowel duration and duration
itself was not relevant. Finally, no clear pattern of limited or enhanced reduction emerged
from the examination of vowels in phonological words adjacent to pauses. However, the
findings appear compatible with an explanation related to changes in pitch associated
with pitch declination, as suggested by John Ohala (personal communication, cf. sections
5.5.3 and 6.5.3).
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7.6

Conclusions

In this study, we created a number of statistical models that were able to account for a
considerable part of the variance observed in Polish vowels in natural speech. Many of
the effects that were discovered and validated on new data can be explained in a fairly
straightforward way by Lindblom’s (1963) target undershoot model of vowel reduction,
despite the fact that the very paper that introduced this model invoked Polish as an
example of a language in which this phenomenon is not found. Several other findings
replicated previous findings for other languages (the effects of stress, style and the
content/function distinction, among others). However, the exact source of several other
effects discovered remains mysterious at present.

In addition, a significant proportion of the observed variance was not accounted for by
our models. This can be a result of many factors. Most importantly, to the extent possible
we have avoided predictors that require subjective judgments on the part on the
investigator, which was motivated both by our interest in achieving the greatest possible
degree of objectivity, as well as the consideration of efficiency, which is not unimportant
in a study of this size. For the description of the consonantal context, we relied on
phonological rather than phonetic criteria. Of course, just like vowels, consonants are not
always realized in a canonical way. For example, phonological trills are often realized as
taps or approximants; doubtlessly, this variation is in some way correlated with the
formant variation observed in vowels. Other variables were chosen in such a way so as to
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yield themselves to automatic or semi-automatic measurement (e.g. duration, speech rate
and intensity). This left out other variables of potentially great importance, for which
there are currently no automatized measurement methods. A key one is of course
accentuation and the intonational contour of the utterance; others include for example the
precise determination of the predictability of lexical material and other discourse-related
factors.

However, automatic and semi-automatic procedures are not error-free. While we
attempted to eliminate such errors through double-checking, it is not unlikely that the
remaining ones are responsible for some part of the unexplained variance. Additional
errors of similar nature may stem from the use of a Linear Predictive Coding algorithm to
measure formant frequencies. It is likely that in some contexts the procedure was less
reliable than in others (e.g. under nasalization).

In addition, we did not consider all the possible predictors of formant variability. While
vowel-to-vowel coarticulation is known to occur in many languages, Choi and Keating
(1991) have shown that its scope is limited in Polish, even when only the initial and final
5 ms. of the vowel are considered. We therefore did not consider it at all likely that any
effect will be discovered at the steady-state part of the vowel. Wright (2003) and
Scarborough (2004) have shown that coarticulatory processes are sensitive to the
difficulty of lexical items. Difficulty is a complex metric that combines word frequency
and neighborhood density. In the absence of data on neighborhood densities in the Polish
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lexicon, it was simply not feasible to consider difficulty in the current work. Recent
developments in exemplar-based phonology suggest that details of phonetic
implementation may differ between individual lexical items (Johnson 1997,
Pierrehumbert 2002). Unfortunately, there is no obvious way of considering this variation
in multiple linear regression. Finally, since our interest was primarily in the undershoot
model, which relies on the notion of a single target per vowel, we have ignored altogether
dynamic aspects of vowel acoustics and articulation. We are of course aware that there is
significant evidence that these are far from irrelevant (e.g. DiBenedetto 1989, Huang
1991).

There is no doubt that a more complete picture would emerge if we considered some or
all of such variables. It is also likely that this would be the case if we used more finegrained distinctions in some of our predictors, for example the place variables. More
importantly, we constructed our models using feature-based classes of vowels. In most
cases, the vowel variable was somewhat relevant, suggesting that vowels with the same
degree of phonological height or frontness do not necessarily behave in the same way. To
a certain extent, we explored such differences through interaction terms. There can be no
doubt that a greater proportion of variance in observed formant frequencies would have
been accounted for had many more interactions been considered. It is likely, however,
that this would happen at the expense of preserving the clarity of the general picture, in as
much as it can be judged to be clear. Our general strategy in this work has been to
attempt to describe the forest, without ignoring the differences between the species of
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trees, but without describing the idiosyncrasies of individual trees. Where to draw the line
had to be a somewhat arbitrary decision.
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Appendix A

This appendix presents examples of speech segmentation in this work. The amplitudebased procedure employed is explained in section 2.3. Figures A1-A12 present short
speech samples from each speaker in each different speech style, chosen so as to show a
representative sample of consonants. Each waveform and corresponding spectrogram is
accompanied by three tiers. The bottom tier shows the minor amplitude slope maxima,
the middle tier the major amplitude slope maxima and the top tier the actual segment
boundaries chosen. In most cases, these boundaries correspond to the major amplitude
slope maxima. Where necessary, they correspond instead to the minor amplitude slope
maxima only.

Consonants with the following combinations of place and manner can be found in the
figures indicated:

voiceless stops: A2, A3, A4, A6 (2), A7
voiced stops: A5 (2), A6, A7, A9, A10
voiceless affricates: A3 (2), A5
voiced affricate: A2
voiceless fricatives: A3, A8, A12
voiced fricatives: A4 (2), A5, A9, A10, A11, A12
trills: A4, A6
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laterals: A2, A8, A12
nasals: A1, A7 (3), A8, A11 (2)
approximants: A6, A7, A8
The illustrations were prepared in Praat 4.3.
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Figure A1
The word moment “moment” pronounced by speaker w1 in the narrative style. The
phonological representation of this utterance is /mçmE)t/.

Figure A2
The word palec “finger” pronounced by speaker w1 in the slow reading style. The
phonological representation of this utterance is /palEts/.
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Figure A3 The word staczać “ to roll down” pronounced by speaker w1 in the fast reading style. The
phonological representation of this utterance is /statßat˛/.

Figure A4 The word pożarową “fire” (adj.) pronounced by speaker w2 in the narrative style. The
phonological representation of this utterance is /pçΩarçvç)/. The extremely long final vowel is due to the
speaker’s hesitation.
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Figure A5 The words żeby dać “in order to give” pronounced by speaker w2 in the normal reading style.
The phonological representation of this utterance is /ΩEbˆdat˛/.

Figure A6 The words kiedy Jarek “when Jarek” pronounced by speaker w2 in the fast reading style. The
phonological representation of this utterance is /cEdˆjarEk/.
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Figure A7 The words pomagał nam “he was helping us” pronounced by speaker m1 in the narrative style.
The phonological representation of this utterance is /pçmagawnam/.

Figure A8 The word nachylił “he leaned down” pronounced by speaker m2 in the normal reading style.
The phonological representation of this utterance is /naxˆlJiw/.
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Figure A9 The word wody “water” (gen.) pronounced by speaker m1 in the fast reading style. The
phonological representation of this utterance is /vçdˆ/.

Figure A10 The word boże “god’s” spoken by speaker m2 in the narrative style. The phonological
representation of this utterance is /bçΩE/.
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Figure A11 The words że nie ma “that there is not” spoken by speaker m2 in the normal reading style.
The phonological representation of this utterance is /ΩE¯Ema/.

Figure A12 The words o stalowe “against steel (adj).” spoken by speaker m2 in the fast reading style. The
phonological representation of this utterance is /çstalçvE/.
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Appendix B

This appendix presents examples of the automatic steady-state selection procedure used
in this work, described in section 2.4. Figures B1-B12 show two tokens of each vowel,
representing a variety of consonantal contexts. One example was taken from each
speaker’s contribution to each style. The bottom tier shows segmentation and
transcription, while the top tier indicates the steady-state points selected. LPC-based
estimates of the formants are also shown. The illustrations were prepared in Praat 4.3.
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Figure B1 The vowel i between a pause and a voiced labiodental fricative pronounced by speaker w1 in
the narrative style.

Figure B2 The vowel i between a palatalized alveolar lateral and a voiceless alveolar (retroflex) affricate
pronounced by speaker m1 in the normal reading style.
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Figure B3 The vowel e between a voiceless palatal stop and a voiced dental stop pronounced by speaker
w1 in the normal reading style.

Figure B4 The vowel e between a voiceless alveopalatal affricate and a voiced dental fricative
pronounced by speaker m2 in the narrative style.
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Figure B5 The vowel a between a palatal glide and a voiceless velar stop pronounced by speaker w1 in
the fast reading style.

Figure B6 The vowel a between a voiced dental stop and a voiceless alveopalatal affricate pronounced by
speaker m2 in the normal reading style.
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Figure B7 The vowel o between an alveolar trill and a voiced palatal stop pronounced by speaker w2 in
the narrative style.

Figure B8 The vowel o between a voiced palatalized labiodental fricative and a dental nasal pronounced
by speaker m2 in the fast reading style.
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Figure B9 The vowel y between a voiced bilabial stop and a voiced dental stop pronounced by speaker
w2 in the normal reading style.

Figure B10 The vowel y between a voiceless alveolar (retroflex) affricate and a dental nasal pronounced
by speaker m2 in the fast reading style.
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Figure B11 The vowel u between a voiceless velar stop and a voiced bilabial stop pronounced by speaker
w2 in the fast reading style.

Figure B12 The vowel u between a voiceless dental stop and an alveolar trill pronounced by speaker m2
in the narrative style.

