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Whether lexical representations are stored as abstract forms or exemplar tokens is the focus of
much debate in both the phonological and word-recognition literature. This research report exam-
ines the recognition of words that have undergone Canadian raising and/or intervocalic flapping.
Two eye-tracking experiments suggest that listeners are slower to fixate words that have under-
gone one or more phonological processes within their own raising dialect, supporting the idea that
they must calculate a mapping from surface word forms to more abstract representations. Implica-
tions for representational and phonological theories are discussed.*
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1. Introduction. The interaction between two mostly predictable segmental
processes in Canadian English—Canadian raising, which causes some diphthong nuclei
to be raised, and intervocalic flapping, which reduces some /t/s and /d/s to [ɾ]—has long
been of interest to phonologists, in part because its analysis highlights a core question:
How are words that are subject to phonological processes stored in the mind? One way
to frame this question is to ask whether the ‘distance’ between a surface form of a word
and its underlying representation, according to a particular phonological analysis, is re-
flected somewhere in lexical processing. This research report tries to address this ver-
sion of the question, using new eye-tracking data, with results that support some degree
of abstract representations in the minds of listeners. We discuss their implications for
both phonological grammar and word recognition.
1.1. The phonological analysis of two interacting processes. In Canadian

raising dialects, the diphthongs typically produced as [aɪ] and [aʊ] surface as the raised
variants [ʌɪ] and [ʌʊ] preceding voiceless obstruents (Joos 1942) within the same sylla-
ble (e.g. Paradis 1980, Chambers 1989, Pater 2014) or foot (Chambers 1973, Kiparsky
1979). This phenomenon occurs across Canada and also in several portions of the
United States, including upstate New York (Vance 1987), Michigan (Dailey-O’Cain
1997), Philadelphia (Fruehwald 2016), northern Indiana (Berkson, Davis, & Strickler
2017), and Chicago (Hualde, Luchkina, & Eager 2017). This Canadian raising process
interacts with the general North American process of intervocalic flapping, which neu-
tralizes the contrast between /t/ and /d/ to a surface flap [ɾ] in predictable prosodic envi-
ronments,1 most notably after a stressed vowel (e.g. Kahn 1980), as in 1. The famous
interaction of these two processes occurs when both of their structural descriptions are
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1 We note from the onset that flaps derived from /t/ and /d/ are not identical—those derived from /d/ tend to
be preceded by slightly longer vowels, though listeners are not able to use that vowel length to distinguish the
source of the flap (Herd, Jongman, & Soreno 2010). Since listeners tend to perform at chance when discrim-
inating /t/-flaps and /d/-flaps, we treat them as essentially identical.
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met in the same word, such as writer (1b), whose surface form contains both the raised
diphthong and the flap.2

(1) The interaction between Canadian raising and intervocalic flapping 
gloss surface form processes applied

a. write [ɹʌɪt] raising
b. writer [ɹʌɪɾɚ] raising and flapping
c. ride [ɹaɪd] —
d. rider [ɹaɪɾɚ] flapping

The debate about the content of phonological representations that involve Canadian
raising and intervocalic flapping centers on examples like 1b and 1d. A comparison of
rider and writer shows that the apparent contrast between the raised and unraised diph-
thong emerges only in a single, highly specific environment: preceding a flap. Though
the presence of a contrast usually signals phonemic status, the two vowels in this case
are in fact predictable from other morphophonological properties of the words—that is,
the only way a word can contain the string [ʌɪɾ] (like writer) is if it is morphologically
related to a word in which that flap surfaces as a [t] (like write). How then should this
limited contrast be represented in underlying representations? 

Two primary camps have emerged. One argues for abstract, noncontrastive under -
lying representations paired with an opaque ordering of processes (Kiparsky 1971), as
is shown in 2a (Harris 1951, Halle 1962, Chomsky 1964, Chomsky & Halle 1968,
Chambers 1973). Opacity is, however, problematic for strictly parallel grammars like
classic optimality theory (Prince & Smolensky 2004 [1993]). The alternative ac-
count posits underlying contrasts—illustrated in its most extreme form in 2b—either in
all raising contexts (Hall 2005) or in restricted or marginal contexts (e.g. Joos 1942,
Vance 1987, Mielke, Armstrong, & Hume 2003, Pater 2014, Hualde et al. 2017). This
alternative is less parsimonious, in that it may rely on positing contrasts in entirely pre-
dictable environments, and it can fail to account for the existence of productive alterna-
tions (Idsardi 2006).

(2) a. A rule-ordering account of Canadian raising and intervocalic flapping
(adapted from Chambers 1973)

‘write’ ‘writer’ ‘ride’ ‘rider’
underlying /ɹaɪt/ /ɹaɪtɚ/ /ɹaɪd/ /ɹaɪdɚ/ 
Canadian raising ɹʌɪt ɹʌɪtɚ — — 
intervocalic flapping — ɹʌɪɾɚ — ɹaɪɾɚ 
surface form [ɹʌɪt] [ɹʌɪɾɚ] [ɹaɪd] [ɹaɪɾɚ] 

b. A full contrast-based account of Canadian raising and intervocalic flap-
ping

‘write’ ‘writer’ ‘ride’ ‘rider’ 
underlying /ɹʌɪt/ /ɹʌɪtɚ/ /ɹaɪd/ /ɹaɪdɚ/ 
surface form [ɹʌɪt] [ɹʌɪɾɚ] [ɹaɪd] [ɹaɪɾɚ] 

As noted above, one difference between 2a and 2b is the distance between their underly-
ing (UR) and surface (SR) representations. In 2b they are all equally close—by being
identical—while in 2a they show different degrees of discrepancy, so that the UR and SR
in ride are identical, whereas the UR differs from the SR in two different ways in writer. 

2 Though Canadian raising applies to both the [aɪ] and [aʊ] diphthongs, in this paper we focus solely on
[aɪ], as it occurs in a broader set of words.
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In this report, we investigate these questions of phonological contrast and representa-
tion by examining the interaction of Canadian raising and intervocalic flapping in word
recognition. Theories of word recognition must account for how the listener identifies
an underlying from a (potentially nonidentical) surface form; by focusing those theories
of word recognition on the problem at hand, we hope to gain insight into the content of
the representations themselves.

Before going further, we wish to address a potential concern with our overall ap-
proach. The mappings in 2 are traditionally understood in the generative phonological
tradition to represent production. The derivations in 2a illustrate how raising and flap-
ping processes turn underlying forms in the minds of Canadian English speakers into
phonological surface forms, which are then sent off to be produced phonetically. How-
ever, this study’s data comes not from word production but from word recognition, in
which a listener perceives a surface form and must map it onto some lexical representa-
tion. Nevertheless, we see the representational distance between underlying and sur-
face forms emphasized above as relevant to both production and recognition—and it is
that relative distance, across different word-types, that our study is designed to identify.

2. Word recognition as a mirror for phonology. The task of word recognition
seems daunting on the surface; in real time, listeners must segment words from the
speech stream, identify them, and extract meaning from the appropriate lexical entry.
There is consensus that lexical activation begins immediately upon receipt of an acoustic
signal; it proceeds incrementally and in parallel, with multiple potential matches being
considered at the same time and the candidate set updated as the word unfolds; and it in-
volves competition, such that words that are better competitors receive stronger activa-
tion and weaker competitors may be suppressed (McClelland & Elman 1986, Gaskell &
Marslen-Wilson 1997, Allopenna, Magnuson, & Tanenhaus 1998, Dahan et al. 2001).
This task is complicated by the fact that the acoustic signal contains forms that have been
affected or altered by the language’s phonological or phonetic processes. While in some
cases this may aid word recognition (for example, in English, the presence of a nasal
vowel helps the listener predict that the upcoming consonant is nasal; Lahiri & Marslen-
Wilson 1991), it may also require the listener to uncover a representation that does not
match the surface form—either because that underlying form is in some way abstract (see
below) or through its connection to other related forms. Listeners can use a variety of
strategies to determine the correct representation for a phonologically altered form, in-
cluding analogy (Ernestus & Baayen 2003), phonological context and lexicality (Mit-
terer & Ernestus 2006), and lexical frequency (Connine, Ranbom, & Patterson 2008, Pitt,
Dilley, & Tat 2011).

In parallel, a growing body of psycholinguistic research on word recognition has re-
sulted in a number of competing word-recognition models. These models can be
roughly divided into two categories: those that assume abstract phonological represen-
tations in the lexicon (e.g. TRACE (McClelland & Elman 1986); the featurally un-
derspecified lexicon model (Lahiri & Marslen-Wilson 1991); shortlist (Norris
1994); the neighborhood activation model (Luce & Pisoni 1998)) and those that
assume episodic or exemplar representations (e.g. Johnson 1997; MINERVA 2 (Hintz-
man 1984, 1986, 1988), and applied to word recognition by Goldinger 1996, 1998; the
complementary systems approach (Goldinger 2007)). Viewed broadly, these two ap-
proaches are somewhat analogous to the two phonological explanations of raising and
flapping introduced earlier: abstract representations acted on by phonological processes
vs. contrasts stored in the representations themselves. This paper focuses on two word-
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recognition mechanisms that we predict could play a role in processing raised/flapped
words: phonological inference and exemplar matching. 

Phonological inference (Gaskell & Marslen-Wilson 1996, 1998) is a mechanism by
which listeners can use phonological context to ‘undo’ predictable phonological pat-
terns in the speech signal, thus arriving at abstract lexical representations. For instance,
English has an optional process of regressive place assimilation, such that a word-final
coronal can assimilate in place to a following consonant, resulting in a production like
leam bacon for ‘lean bacon’. In a cross-modal priming experiment, Gaskell and
Marslen-Wilson (1996) found that leam could prime orthographic ‘lean’ when it was in
a phonologically viable context (that is, preceding a labial-initial word like ‘bacon’),
but not if it was in a nonviable context (e.g. preceding a velar-initial word like ‘gam-
mon’). This suggests that listeners use phonological context to determine if a sound is
licensed, and then work backward to activate that word’s abstract representation. This
type of account also explains findings that the degree of reduction in a word is corre-
lated with how likely it is to be recognized; words whose phonetic form is more distant
from the abstract representation are less accurately recognized (Ernestus, Baayen, &
Schreuder 2002). Phonological inference is the word-recognition correlate of a rule-
ordering phonological account of Canadian raising. Crucially, the assumption is that
phonological inference is a process that occurs during word recognition, taking up cog-
nitive resources and thus slowing the overall process of lexical activation as evidenced
in behavioral tasks like slower lexical decision (e.g. LoCasto & Connine 2002).

Exemplar matching is an alternative mechanism that accounts for word recognition in
episodic or exemplar systems.3 In these approaches, lexical representations are stored as
banks of episodic traces of acoustic forms; phonologically, this means that both [lin] and
[lim] can be stored as possible representations for lean. The listener needs simply to
match the form in the acoustic signal to a representation directly, with no need for re-
course to intermediate levels. Connine and colleagues (e.g. Connine 2004, Connine et al.
2008) have argued that phonological variants due to optional phonological processes,
like intervocalic flapping or unstressed schwa deletion, are likely stored in the lexical
representation, at least in the cases where those variants are highly frequent. For exam-
ple, in the case of optional intervocalic flapping, listeners were more likely to activate a
lexical item when presented with the more frequent flap variant (pretty as [pɹɪɾi]) than
the less frequent [t] variant ([pɹɪti]), suggesting that the flap variant was stored lexically
and accessed directly, rather than linked to the /t/ variant (Connine 2004). Exemplar
matching could be used alongside phonological theories of Canadian raising that assume
underlying contrast. If each word is stored with its surface diphthong, listeners should be
equally fast to recognize either vowel when produced in its expected phonological con-
texts, all else being equal (see below).4

2.1. Predictions of different storage accounts for word recognition. The
current study builds on a long history of using word recognition as a lens to phonologi-
cal representations and vice versa (e.g. Lahiri & Marslen-Wilson 1991, Kolinsky,
Morais, & Cluytens 1995, Marslen-Wilson, Nix, & Gaskell 1995, Gaskell & Marslen-

3 Other mechanisms similar to exemplar matching are direct mapping or similarity mapping (Marslen-
Wilson & Warren 1994, Connine et al. 1997, Gaskell & Marslen-Wilson 1997). In each of these cases, the lis-
tener matches an acoustic signal directly to a stored representation, without intermediate representations or
processing.

4 There is also support for a hybrid model of inference and exemplar matching (see e.g. Pinker & Prince
1988, Zuraw 2000, 2010, Pinnow & Connine 2014), which would better support transfer and generalization.



Wilson 1998, Gaskell, Spinelli, & Meunier 2002, Luce, McLennan, & Charles-Luce
2003, Mitterer & Blomert 2003, Spinelli, McQueen, & Cutler 2003, Connine 2004, Eu-
litz & Lahiri 2004, Sumner & Samuel 2005, Mitterer & Ernestus 2006, Connine et al.
2008, Pitt 2009, Pinnow & Connine 2014, Farris-Trimble & McMurray 2018). Most of
these previous studies, however, focused on optional phonological processes, many of
which occur across word boundaries, like the nasal place assimilation in leam bacon.
Likewise, previous studies examined phonological processes that occur in isolation,
rather than multiple phonological processes that can interact opaquely. Our study also
differs in its methodology: we use eye-tracking in the visual-world paradigm (Al-
lopenna et al. 1998) to measure lexical activation during on-line, real-time word recog-
nition. Fixations gleaned from visual-world studies have been shown to reflect lexical
activation levels in a model like TRACE (McClelland & Elman 1986, Allopenna et al.
1998). By monitoring participants’ fixations to pictures on the screen, we can estimate
activation levels of the target as it unfolds. Because eye movements are not easily con-
trolled by the participant and are responsive to an auditory stimulus, they are both more
natural and more revealing than some other types of behavioral data like gating.

Phonological inference and exemplar matching make different predictions about how
the listener recognizes words in which Canadian raising and/or intervocalic flapping
have occurred. Under the phonological-inference account, the listener must check the
context and undo the phonological process in real time during word recognition, work-
ing backward from [ʌɪ] to /aɪ/ and from [ɾ] to /t/ or /d/. This should result in timing dif-
ferences because of the additional processing load required for the rule undoing; we
spell these out in further detail once we have introduced our set of stimulus conditions.

Under an exemplar-matching account, by contrast, the listener can access surface-
like representations directly, meaning they should match [ɹʌɪɾɚ] to ‘writer’ or [ɹaɪɾɚ] to
‘rider’ with no other steps. In this case, we would not expect any differences in the tim-
ing of activation between the two words, at least without further elaboration of the the-
ory. We note at the outset, however, that this theory might be elaborated in a few ways.
First, most exemplar approaches expect processing to be mediated by frequency, such
that whichever words or paradigms are more frequent in the listener’s experience would
be recognized more quickly, independent of their diphthongs or flaps (Bybee 2001,
2002a). An exemplar model might also take into account the number of word-form vari-
ants within a paradigm, under the assumption that accessing and/or choosing between
larger numbers of exemplars will slow recognition down. One instantiation of this view
would be that listeners who are familiar with both raised and unraised dialects will have
larger exemplar clouds for words like writing, with and without the raised diphthong,
compared to words like bible (for related proposals see Connine et al. 1997, Clopper &
Walker 2017, and discussion below). Another possibility (Bybee 2002b) is that the
greater degree of dissimilarity between the [t]-final vs. flapped variants in raised para-
digms like bite ~ biting should slow lexical access compared to raised paradigms with-
out flapping like bike ~ biking (although this version of exemplar matching becomes
harder to distinguish from the phonological-inference account spelled out above).

In this study, we measured fixations during word recognition to words that demon-
strate Canadian raising and/or intervocalic flapping in their surface forms and hoped to
thereby reveal something about their underlying representations. We compare the tim-
ing of activation of forms like bible [baɪbəl], biking [bʌɪkɪŋ], and biting [bʌɪɾɪŋ] to de-
termine the mechanism(s) used during activation and, in turn, the phonological
structure of their representations. If listeners are using phonological inference, we
would expect the slowing of word recognition, such that words in which phonological
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processes have applied are recognized more slowly, and more phonological processes
result in additional slowing: bible should be faster than biking should be faster than bit-
ing. This timing result would suggest that listeners’ representations of words with rais-
ing and flapping are abstract, that is, more distant from their surface forms than words
that show only one or neither process. However, if listeners are storing both raised and
unraised vowels (and both flaps and stops) and using exemplar matching to map the
signal to those representations, then we should see a different timing pattern, depending
on the exemplar model assumed. Under a simple account, we might expect to see no
timing differences between bible, biking, and biting, except as influenced by their rela-
tive frequencies; or we might expect slowing of all forms with multiple dialect variants,
meaning bible is recognized faster than biking or biting; or we might see slowing of
recognition in forms with more varied paradigms, such that bible and biking are recog-
nized faster than biting. We return to these more complex exemplar approaches, in light
of our data, in §5.2 of the general discussion.

We report the results of two studies. In each case, participants’ productions were
measured to confirm Canadian raising. Then a visual-world paradigm experiment tested
the recognition of words that had undergone Canadian raising, intervocalic flapping,
both, or neither. We report measures of speed of target fixations and interpret those re-
sults with regard to word-recognition mechanisms like phonological inference and ex-
emplar matching and their consequences for lexical representations. We focus on
fixations to the target item (as opposed to competitor items) because we are specifi-
cally interested in how phonological processes may affect the speed and efficiency with
which the target representations are accessed. 

3. Experiment 1.
3.1.Methods.
Design. Twelve sets of four words were selected. Each set contained four specific

word-types: an unraised word in which the diphthong preceded a voiced consonant
(e.g. bible [baɪbəl]), a raised word in which the diphthong preceded a voiceless conso-
nant (e.g. biking [bʌɪkɪŋ]), an opaque word in which the diphthong preceded a flap de-
rived from a /t/ (e.g. biting [bʌɪɾɪŋ]), and a phonologically unrelated word (e.g. stapler).
Each of the three related words in a set were cohorts. Because of the limited number of
English word sets that share the specific properties required here, we had to choose
from a variety of parts of speech (nouns, verbs, and adjectives). In each case, we chose
a word that was deemed picturable. In ten of the twelve sets, the opaque word was mor-
phologically complex; we tried to use as many morphologically complex words as pos-
sible, so that there was clear evidence that the flap was derived from /t/. The full list of
items and their frequencies is given in the appendix.

The lexical frequency of the three experimental word-types (unraised, raised, and
opaque) was assessed, as frequency is known to affect lexical activation and competi-
tion (Marslen-Wilson 1990). The SUBTLEXus corpus of American English subtitles
(Brysbaert & New 2009) was used to determine frequency counts; analyses were per-
formed on the log word-frequency measure. One word, fifer, did not appear in this data-
base. We assigned that word a frequency of 0.001 (log frequency = log10(1+0.001) =
0.000434). An ANOVA revealed marginal frequency differences across word-types,
F(2,33) = 3.085, p = 0.059. This effect was driven by the fact that the log frequency in
the raised words is lower than that of the other two sets (raised vs. opaque, p = 0.039;
raised vs. unraised, p = 0.038). Because of these frequency differences, we controlled
for log frequency in the statistical analyses reported below.



Stimuli.5 Auditory stimuli were recorded at 44.1 kHz on a Blue Yeti microphone in
Praat (Boersma & Weenink 2014) by a trained speaker of Canadian English who was
also a phonetician. He produced each word ten times in the carrier phrase ‘He said __ ’,
making sure that the vowel was raised in forms like biking and biting. Additionally, he
produced the opaque words (like biting) a second time, this time with an unraised vowel
([baɪɾɪŋ]). We refer to this additional set as flapped words, meaning they are variants of
the opaque set that contain flaps, but not raising. Though this pronunciation was not na-
tive to the speaker’s dialect, he felt confident that his phonetic training would allow him
to produce unraised tokens naturally. The first author of this paper, who speaks a dialect
of English with no raising, vetted the productions and agreed that they sounded natural.

Following Hall (2005), the F1 and F2 of each diphthong were extracted from the
recorded stimuli at the point of maximum F1 (the lowest part of the vowel) in Praat. The
best five tokens of each stimulus were selected to maximize the height difference be-
tween the raised and unraised words in each set. ANOVAs on the 240 selected tokens 
(5 tokens × 4 words × 12 sets) confirmed significant differences in diphthong height by
word-type as measured by F1: F(3,236) = 270.4, p < 0.001. Follow-up pairwise t-tests
indicated a height difference in raised vowels compared to unraised vowels (p < 0.001),
raised vowels compared to flapped vowels ( p < 0.001), and opaque vowels compared to
flapped vowels (p < 0.001), but no differences between raised and opaque vowels 
(p = 0.297) or between unraised and flapped vowels (p = 0.234).

Finally, we wanted to remove vowel duration as an additional cue to the voicing of
the upcoming segment, as vowels are expected to be longer before voiced segments
than voiceless ones (Peterson & Lehiste 1960). We thus equated the vowel length for
each set of words. To do this, we first calculated the average duration of all the diph-
thongs in a set (i.e. five tokens each of the unraised, raised, opaque, and flapped words
in each set). We then determined the ratio of diphthong length of the tokens for each
word to the total average and increased or decreased the overall length of each diph-
thong by that ratio, using Praat’s duration manipulation function. We scaled the entire
diphthong, retaining the original ratio of nucleus to offglide and preserving the dynam-
ics of the formant trajectories. For example, in the set mentioned above, the average
diphthong duration of the twenty tokens of biking, bible, and biting was 178 ms. The to-
kens for biking, however, had an average of 165 ms. Thus each diphthong token for bik-
ing was increased by a factor of 1.08. This meant that the five tokens of a word each
retained their natural variation in diphthong duration, but overall, the average diph-
thong duration for a given word was equal to the average duration of every other diph-
thong in that set. This removed vowel duration as a cue to upcoming voicing in as
natural a way as possible. Upon listening to the resulting tokens, the first author and a
team of native-Canadian-English-speaking research assistants agreed that the tokens
sounded natural and the manipulation was not noticeable. One hundred milliseconds of
silence were added before the onset of each target word.

Visual stimuli consisted of a series of clip-art pictures depicting each word in the
study. Pictures were selected to be as canonical as possible and were edited for color
and stylistic consistency. All were approved by a member of the team with extensive
experience with the visual-world paradigm. After editing, each image was sized to 
300 × 300 pixels.

For each word/image pairing, a sample sentence was constructed. The sentence con-
tained the target word in final position and did not contain any other raised (or poten-

5 Stimuli and the measurements discussed below are available from the first author upon request. 
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tially raised) diphthongs. For example, the sentence for biking was On sunny days,
Peter loves to go biking.

Participants. Participants were twenty-six adults between the ages of seventeen and
thirty-five; in the final analysis, three participants were excluded because of experi-
menter error, leaving twenty-three participants in the analysis. All were native monolin-
gual speakers of Canadian English who had been born and raised in Canada. All reported
normal hearing and normal or corrected-to-normal vision. Participants either were paid
with a $10 gift card per session, or received course credit for their participation.

Procedure. Each participant completed two tasks across two sessions, scheduled ap-
proximately one week apart. During the first session, participants were first recorded
reading the sample sentences containing the stimulus words. Participants saw a screen
with the image used in the experiment, the word in isolation, and a sentence containing
the word. These displays were randomized in advance and the same order was used for
each participant; words were not blocked by type. Participants were asked to view each
image and read aloud the text below it (both the word in isolation and the word in a sen-
tence); they read through the full set of displays twice in succession. This task served two
purposes: first, because of the limited number of picturable triplets, some of words used
were not especially common (e.g. fifer), and we felt the participants would benefit from
a short introduction to the pictures and the words they were meant to portray. Second, the
participant recordings allowed us to measure whether the participants were speakers of
the Canadian raising dialect and, if so, whether they raised in opaque forms and how
strongly they raised. Because of an error that was not detected until later, the sentences
for tiger and spiralwere accidentally left off the training list. Because both of these words
are fairly recognizable nouns, we felt that this would not skew the data excessively.

The second task was the eye-tracking task. First, each participant was calibrated in the
eye-tracker. After calibration and instructions, the experiment began. Each of the forty-
eight words was repeated twenty times (four repetitions of each of five tokens) for a total
of 960 trials. The opaque words were further split: half of their occurrences (ten repeti-
tions) contained a raised vowel, and the other half an unraised vowel. Presentation order
was randomized for each participant, with no effort made to avoid identical back-to-back
trials. The 960 total trials were split across the two sessions, with 480 trials occurring
each session. The first session thus lasted about an hour (recording and eye-tracking), and
the second session lasted about forty-five minutes (eye-tracking only).

Participants received instructions at the beginning of the experiment, both on the
screen and from the experimenter, to click on the center circle when it turned blue, and
then to click on the picture that matched the word they heard. Each trial began with the
four pictures in the corners of the screen, outer edges located 50 pixels from the edge of
the screen, and a red circle (60 pixels in diameter) in the center of the screen, equidis-
tant from the four pictures (see Figure 1). Location of the four items for each trial was
randomized, so that the position of each item in the set was completely unpredictable,
across each of the targets’ twenty presentations. Participants had the opportunity to fa-
miliarize themselves with the images and their locations. After 500 milliseconds, the
circle turned blue and participants clicked on it to play the auditory stimulus (the target
word in isolation). This procedure minimized the chances that participants were fixat-
ing any of the pictures when the auditory stimulus began.

Recordings. Participants’ productions of the target words and sample sentences were
recorded with a Blue Yeti USB microphone in Praat. These recordings were chunked 



and annotated so that measurements of maximum F1 and F2 at the point of maximum F1
could be automated in Praat.
Eye-tracking. Eye movements were monitored and recorded with an Eyelink 1000

with a 250 Hz sampling rate. Participants rested their chins and forehead in a headrest.
The eye tracker was calibrated with a standard nine-point calibration procedure. Breaks
were offered every thirty-two trials, and a drift correct was performed at the end of each
break to ensure that the eye track was still valid. Fixations were recorded from onset of
the display screen in each trial until the participant made a mouse-click response.
3.2. Results.
Accuracy. Participants were highly accurate, suggesting that they did not have trou-

ble recognizing the less familiar stimuli (like fifer). On average, participants made four
errors in 960 trials (range: 0–40). Only trials in which the participants clicked on the
correct target were included in the eye-tracking analysis.
Production. To confirm that our participants spoke a raising dialect of Canadian

English, we again measured F1 and F2 at maximum F1 in each diphthong from the
words produced during the training portion. Figure 2 shows each of the raised and un-
raised vowels plotted in F1–F2 space, with very little overlap between the raised/
opaque vowels and the unraised vowels. The F1 and F2 measures were analyzed in lin-
ear mixed-effects models using lme4 in R (R Core Team 2013, Bates et al. 2015) with
word-type as a fixed factor, log frequency (centered) as a covariate, and random inter-
cepts and slopes on participant and random intercepts on item (as in 3). Word-type was
coded with Helmert contrast codes here and in all analyses in this report. Helmert cod-
ing is appropriate for ordered levels (in this case, ordered by the number of phonologi-

e144 LANGUAGE, VOLUME 95, NUMBER 1 (2019)

Figure 1. Sample trial screen containing images for (clockwise from top left) 
bible, stapler, biting, and biking.
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cal processes) and allows us to compare each level to the average of the subsequent lev-
els. Here we compare unraised (+.66) vowels to the average of raised (−.33) and opaque
vowels (−.33), and raised vowels (+.5) to opaque vowels (−.5). The numeric values are
assigned such that the values for each set of comparisons sum to zero and the different
comparisons are orthogonal to one another. 

(3) F1/F2 ~ wordtype + logfreq + (1 + wordtype * logfreq | participant) + (1 | item)
Results (Tables 1 and 2) showed that F1 was higher and F2 was lower in unraised

words than in raised and opaque words; raised words had marginally lower F1 than
opaque words, but F2 values did not differ significantly. Word frequency was not pre-
dictive of F1 or F2. Thus, our participants were clear Canadian raisers (following the
definition of a difference of at least 60 Hz between the raised and unraised vowels;
Labov, Ash, & Boberg 2006), and this holds consistently across participants, as can be
seen in Figure 2. The plot shows that there was no overlap in F1/F2 space between the
raised and unraised words for any of the participants, while only a single participant
produced opaque words whose vowels were similar to unraised words.6

6 Participants did make use of both F1 and F2 to signal raising; some participants distinguished the cate-
gories by F1, others by F2, and still others with both. Nevertheless, clear category boundaries for unraised vs.
raised/opaque words emerged.

word-type F1 maximum (Bark / Hz) F2 at F1 maximum (Bark / Hz)
x‾ raised 6.56 / 711 11.89 / 1737
x‾unraised 7.98 / 919 11.18 / 1554
x‾opaque 6.76 / 738 11.79 / 1709

est SE df t p
F1

(intercept) 7.10 0.1 30.2 60.40 < 0.0010
unraised vs. raised/opaque 1.30 0.1 47.9 9.20 < 0.0010
raised vs. opaque −0.30 0.1 35.7 1.97 0.0571
log frequency (covariate) −0.10 0.1 30.6 1.30 0.1895

F2
(intercept) 11.60 0.1 37.7 88.00 < 0.0010
unraised vs. raised/opaque −0.60 0.2 34.7 4.00 < 0.0010
raised vs. opaque 0.10 0.2 32.8 0.50 0.6230
log frequency (covariate) −0.01 0.1 30.0 0.10 0.8880

Table 1. Mean F1 and F2 values in Bark and Hz for each word-type in experiment 1.

Table 2. Test of fixed effects of word-type on F1 and F2 values in experiment 1.

Fixation measurements. As our primary measure of lexical activation, partici-
pants’ fixations to the target were measured. We used two fixation measures to analyze
target activation: target-fixation latency and midpoint of the averaged target-fixation
function, both described in further detail below. Target-fixation latency is an early
measure of lexical activation, while midpoint is a later measure.
Target latency. Our first analysis aimed to determine the earliest fixation to the

target item for each trial that could be driven by the auditory stimulus, that is, a visual
analogue to reaction time (e.g. Dahan et al. 2001, Beddor et al. 2013). We thus mea -
sured latency from the onset of the auditory stimulus (excluding the 100 ms of silence),
and we excluded trials in which the participant was fixating the target item at 200 ms
after onset; since it takes approximately 200 ms to plan and launch an eye movement
(Viviani 1990), fixations to the target so early in the trial are unlikely to be driven by the
auditory stimulus. This resulted in the exclusion of 1,347 trials (6.1%). In the remaining



trials, the first fixation to the unraised words occurred the fastest, on average, followed
by first fixation to the raised, opaque, and flapped words, in that order (Table 3).

7 A model in which word-type and frequency interacted in the random-effects structure failed to converge.
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Figure 2. Average vowel productions by participant in experiment 1.

word-type mean latency in ms (SD)
unraised 428 (73)
raised 459 (78)
opaque 496 (87)
flapped 518 (85)

Table 3. Mean target latency in experiment 1.

Trial-by-trial latency results were analyzed with a linear mixed-effects regression
model. Model comparison revealed that the model in 4 provided the best fit;7 it included
a fixed effect of word-type and log frequency (centered) as a covariate. Three Helmert
contrast codes represented the four word-types: flapped (+.75) vs. the other word-types
(−.25), unraised (+.66) vs. raised and opaque (−.33), and raised (+.5) vs. opaque (−.5).
Random effects included random intercepts and slopes on participant and random inter-
cepts on item set. 

(4) firstFixation ~ wordtype + logfreq + (1 + wordtype + logfreq | participant) +
(1 | item-set)

The results in Table 4 reveal that there were significant effects of each word-type
comparison. Taking each condition in turn: participants were slowest to make an initial
fixation to the flapped words (which were not native to the participants’ dialect; we re-
turn to this in §3.3); they were faster to make fixations to the unraised words than the
raised or opaque words, and they were faster to make fixations to the raised words than
the opaque words. Frequency was also a significant predictor of target-fixation latency,
such that participants were faster to fixate more frequent words, but not to the exclusion
of the other factors.
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These results suggest that lexical activation within our experiment was influenced by
at least three factors: lexical frequency, expectation about dialect, and number of
phonological processes. For words that were consistent with the participants’ dialect,
the more phonological processes, the slower the word was to be activated.
Target midpoint. Our second analysis examined the midpoints of the target-fixa-

tion functions. This is an additional measure of timing that reflects, for a given partici-
pant or item, the point at which approximately half of all fixations were to the target
item. While target-fixation latency allows us to analyze the immediacy of activation,
the midpoint analysis allows us to examine the later time course of activation, taking
into account not just the decision to fixate the target, but also the decision to maintain
that fixation and not to look away at competitors. The midpoint analysis tells us, in a
sense, whether the initial target activation was sustained over the course of the trial.

This analysis utilizes a curve fitted to each participant’s or item’s averaged propor-
tion of fixations as a function of time. We followed previous research (e.g. McMurray,
Aslin, et al. 2008, McMurray, Clayards, et al. 2008, McMurray et al. 2010, Toscano &
McMurray 2012, 2014) in dividing the eye-movement record into saccades (rapid eye
movements which jump from one point to another) and fixations (continuous eye gaze
to a single point). Because the saccade that leads to a fixation is likely driven by a re-
sponse to the auditory stimulus, each fixation was paired with its preceding saccade.
These saccade-fixation combinations were termed looks, which were then averaged
across items or participants. This allowed us to calculate, at each 4 ms time point, what
proportion of looks were to a given item on the screen. 

Figure 3. Target fixations by word-type in experiment 1.

est SE df t p
(intercept) 776.7 18.7 31.8 41.5 < 0.001
flapped vs. others 64.2 7.6 24.8 8.5 < 0.001
unraised vs. raised/opaque −40.8 7.0 23.5 5.8 < 0.001
raised vs. opaque −56.1 7.4 24.7 7.6 < 0.001
log frequency (covariate) −26.7 3.8 26.3 7.1 < 0.001

Table 4. Test of fixed effects of word-type on target-fixation latency in experiment 1.



Figure 3 shows fixations to the target item by item type (raised, unraised, opaque,
flapped, and unrelated filler) over time. Visual inspection of the plot reveals that partic-
ipants were fastest to fixate the unrelated item, which is unsurprising given that it
shared no phonological content with the other items on the screen. The figure also sug-
gests differences in timing of fixation to the other items, such that unraised items were
fixated faster than raised, which were fixated faster than opaque, and flapped items
were fixated slowest. To quantify these differences, we fit a mathematical model to the
fixation data for each participant or item in order to determine the curve parameters that
correspond to timing and degree of fixations. The target curve equation (following Mc-
Murray et al. 2010) is provided in 5. This model returns four parameters for each curve:
the minimum and maximum asymptotes (b and p, respectively, corresponding to mini-
mum and maximum proportion of fixations), the midpoint (c, corresponding to timing
of fixations), and the slope (s, corresponding to the rate of increase in fixations). 

p – b
(5) P(target) = + b

s1 + exp(4 � p – b � (c – t))
To fit a model to a fixation curve, the curve itself needs to be relatively robust, so we
must generalize over either participants or items, rather than accounting for effects of
item and participant simultaneously. Below we report analyses that generalize over par-
ticipants and over items.

We compared the parameter most closely related to speed or timing of fixations—
target midpoint (Table 5)—across the four target word-types (raised, unraised, opaque,
and flapped). We examined the data with two linear mixed-effects models, one each for
fixations averaged over participants and items. In each case, we used the same Helmert
contrast codes described above. In the first, fixations by participant were analyzed with
word-type as a fixed effect and by-participant random intercepts. In the second model,
fixations by item set were analyzed with word-type as a fixed effect, log frequency as a
covariate, and by-item-set random intercepts. This analysis models fixations by item
sets (rather than individual items) to preserve the relationships among items in a set;
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est SE df t p
Participant

(intercept) 742.6 14.3 22.0 52.0 < 0.0010
flapped vs. others 64.3 6.0 66.0 10.7 < 0.0010
unraised vs. raised/opaque −56.5 6.4 66.0 8.8 < 0.0010
raised vs. opaque −32.2 7.4 66.0 4.4 < 0.0010

Item
(intercept) 800.5 23.7 41.3 33.8 < 0.0010
flapped vs. others 72.3 17.0 32.0 4.3 0.0002
unraised vs. raised/opaque −47.6 18.2 32.2 2.6 0.0135
raised vs. opaque −51.2 21.8 32.7 2.3 0.0252
log frequency (covariate) −27.8 9.8 39.3 2.8 0.0070

word-type midpoint mean in ms (SD)
unraised (bible) 689 (60)
raised (biking) 729 (73)
opaque (b[ʌɪɾ]ing) 761 (79)
flapped (b[aɪɾ]ing) 791 (74)

Table 5. Average midpoint values for each word-type in experiment 1.

Table 6. Test of fixed effects of word-type on target midpoint by participant and item in experiment 1.
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that is, biking never appears without bible and biting, and modeling effects of item set
rather than individual item captures this. Model syntax is in 6.

(6) a. analysis by participants: crossover ~ wordtype + (1 | participant)
b. analysis by items: crossover ~ wordtype + logfreq + (1 | item-set)

Results from the two models are in Table 6. In each case, the flapped words had a sig-
nificantly later midpoint than the other words. Unraised words had significantly earlier
midpoints than raised words (whether transparent or opaque), and raised transparent
words had significantly earlier midpoints than opaque words. In sum, the fewer the
phonological processes, the earlier the target midpoint was. However, words that had
undergone flapping without raising were an exception—again, these items were shown
to be fixated most slowly, although they had undergone only a single phonological
process, an anomaly we discuss immediately below.
3.3. Discussion. Experiment 1 showed that not all words were activated equally

quickly; with the exception of the flapped-only condition, words with more phonologi-
cal processes had longer first-fixation latencies and later target midpoints than those
with fewer phonological processes.

The exception to our generalization that connects more phonological processes with
slower fixations was that words that had undergone flapping without raising were the
slowest to be fixated. This is not surprising when the listeners’ native dialect is consid-
ered. We included flapped forms with unraised vowels, for example, biting as [baɪɾɪŋ],
with the goal of comparing words that had undergone only raising (biking) with words
that had undergone only flapping—but of course these are also ungrammatical pronun-
ciations of an input /…aɪtV…/ sequence in our participants’ dialect.8 We hypothesize
that participants were slow to activate these targets because they were so unexpected;
they required participants to reevaluate their assumptions about forms like biting. It is
possible, though, that this resulted in participants learning over the course of the exper-
iment that vowel height was not a reliable cue, or perhaps interpreting the speaker as
not a member of the Canadian raising dialect. Either of these cases could have caused
the slower processing of the raised and opaque forms seen in experiment 1, invalidating
our findings. Experiment 2 was designed to replicate experiment 1 without the con-
found of unraised opaque forms.

4. Experiment 2. Experiment 2 sought to eliminate the potential confound in exper-
iment 1. We wanted to be sure that the delayed fixations we saw in words like biking
and biting were the result of a slowing in overall activation, rather than an uncertainty
brought on by the stimuli themselves. Experiment 2 thus replicated experiment 1, with
a few small changes detailed below.
4.1.Methods.
Design. Experiment 2 used the same twelve sets of words used in experiment 1, but

opaque words like biting were presented only with raised vowels ([bʌɪɾɪŋ]). Participants
thus never heard words that were mispronounced in their dialect.
Stimuli. The same stimuli used in experiment 1 were used here, excluding the

flapped forms. Visual stimuli and target sentences for recording were also identical. 
Participants. Participants were twenty-five adults between the ages of seventeen

and thirty-five; in the final analysis, one participant was excluded because it later came

8 Note that in this example, the form [baɪɾɪŋ] would be associated with the word biding, which was not pic-
tured on the screen. This was not true for all of our flapped forms, though; only five of our twelve flapped
forms had real-word minimal pairs with medial /d/: biding, siding, riding, tidal, and wider.



to our attention that the participant was bilingual. All others were native, monolingual
speakers of Canadian English born and raised in Canada. All reported normal hearing
and normal or corrected-to-normal vision. Participants either were paid with a $10 gift
card per session, or received course credit for their participation.
Procedure. Preliminary analyses from experiment 1 showed that participants’ eye-

tracking behavior in the two sessions of that experiment was comparable. For that rea-
son, experiment 2 was conducted in only one session. Each participant completed the
same recording task (words accidentally excluded in experiment 1 were included in ex-
periment 2). This was followed by the eye-tracking task, in which each of the five
recorded tokens for each word was presented twice, for a total of 480 trials (12 sets × 4
words per set × 5 tokens per word × 2 repetitions). This single session, including both
recording and eye-tracking, lasted about an hour. All other aspects of the procedure
were the same as in experiment 1.
Eye-tracking. The set-up and calibration for the eye-tracking task were identical to

those in experiment 1.
4.2. Results.
Accuracy. As in experiment 1, participants were highly accurate. On average, par-

ticipants made three errors in 480 trials (range: 0–9). Again, only correct trials were an-
alyzed in the eye-tracking analysis.
Production. We again analyzed F1 and F2 at maximum F1 to determine whether

participants’ productions showed evidence of Canadian raising (Tables 7 and 8). Using
a linear mixed-effects model with the same structure used in experiment 1, we found
that unraised words had higher F1 and lower F2 than raised and opaque words. Raised
and opaque words did not differ in F1 or F2, and word frequency was not a significant
predictor of either. As is apparent from Figure 4, the participants in experiment 2 were
also overwhelmingly Canadian raisers.

est SE df t p
F1

(intercept) 6.900 0.2 27.4 43.8 < 0.001
unraised vs. raised/opaque 1.200 0.1 40.1 10.1 < 0.001
raised vs. opaque −0.200 0.1 33.9 1.5 0.153
log frequency (covariate) −0.100 0.1 33.1 0.9 0.377

F2
(intercept) 11.800 0.1 33.3 88.2 < 0.001
unraised vs. raised/opaque −0.800 0.1 36.5 6.2 < 0.001
raised vs. opaque 0.100 0.2 34.3 0.8 0.424
log frequency (covariate) 0.009 0.1 34.4 0.1 0.906
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word-type F1 maximum (Bark / Hz) F2 at F1 maximum (Bark / Hz)
x‾ raised 6.47 / 702 12.11 / 1795
x‾unraised 7.78 / 887 11.21 / 1563
x‾opaque 6.61 / 721 11.99 / 1764

Table 7. Mean F1 and F2 values in Bark and Hz for each word-type in experiment 2.

Table 8. Test of fixed effects of word-type on F1 and F2 values in experiment 2.

Fixation measurements. Fixations to target by word-type are shown in Figure 5.
The same comparisons of target fixations were carried out for experiment 2, including
both target-fixation latency and target midpoint. 
Target-fixation latency. Again we excluded trials in which the participant was fix-

ating the target at 200 ms after the onset of the auditory stimulus. This resulted in the ex-
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clusion of 902 trials, or 7.8% of all trials. The linear mixed-effects model was identical
to that used in experiment 1, except that because there were no flapped words (i.e. words
like biting were always produced with raised vowels), one fewer Helmert contrast code
was necessary. The data were thus coded to represent three word-types: unraised (+.66)
vs. raised and opaque (−.33), and raised (+.5) vs. opaque (−.5). Results are given in Ta-
bles 9 and 10. Unraised words had a significantly shorter target-fixation latency than
raised and opaque words; raised words had a significantly shorter latency than opaque
words. Log frequency was also a significant predictor of target-fixation latency.

Figure 4. Productions by participant in experiment 2.

Figure 5. Target fixations by word-type in experiment 2.



Target midpoint. We used the same target midpoint analysis used in experiment 1,
but with the Helmert contrast codes defined in the target-fixation latency analysis
above. The model structure was identical to that in the same analysis in experiment 1.
Midpoints are given in Table 11, and results of the linear mixed-effects models in Table
12. Unraised words had significantly earlier midpoints than raised and opaque words;
raised words had earlier midpoints than opaque words. 

4.3. Discussion. The results of experiment 2 replicate those of experiment 1. Partic-
ipants were fastest to activate unraised words and slowest to activate opaque words,
while raised words were intermediate. These results indicate that the flapped words in
experiment 1, which were not characteristic of the participants’ native dialect, did not
drive the results.

5. General discussion. 
5.1. On the nature of phonological representations. The results of the two

experiments presented here support the claim that listeners store abstract segments in
the lexical representations. In particular, they support representations similar to 2a
whereby the raising diphthongs are stored unraised and surface flaps are stored as stops,
and they use phonological inference to access these representations during word recog-
nition. In words with raised diphthongs, like biking, the diphthong occurs in a raising
context and the listener must work back to the abstract unraised vowel. In opaque
words, the raised vowel occurs before a flap, so the listener must both undo the flap (to
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est SE df t p
(intercept) 746.7 22.3 32.0 33.5 < 0.001
unraised vs. raised/opaque −39.2 8.2 22.1 4.8 < 0.001
raised vs. opaque −55.7 9.6 24.7 5.8 < 0.001
log frequency (covariate) −30.7 4.2 46.4 7.2 < 0.001

word-type mean in ms (SD)
unraised 417  (93)
raised 448 (109)
opaque 480 (104)

Table 9. Mean target latency in experiment 2.

Table 10. Test of fixed effects of word-type on target-fixation latency in experiment 2.

est SE df t p
Participant

(intercept) 705.10 14.8 23.0 47.6 < 0.0010
unraised vs. raised/opaque −61.60 8.8 46.0 −7.0 < 0.0010
raised vs. opaque −33.90 10.1 46.0 −3.4 0.0016

Item
(intercept) 777.60 28.3 31.8 27.5 < 0.0010
unraised vs. raised/opaque −53.75 20.9 21.2 −2.6 0.0175
raised vs. opaque −59.73 25.2 21.6 −2.4 0.0271
log frequency (covariate) −36.27 12.4 25.9 −2.9 0.0069

word-type midpoint mean in ms (SD)
unraised (bible) 664 (67)
raised (biking) 709 (84)
opaque (b[ʌɪɾ]ing) 743 (82)

Table 11. Average midpoint values for each word-type in experiment 2.

Table 12. Test of fixed effects of word-type on target midpoint by participant and item in experiment 2.



RESEARCH REPORT e153

identify the underlying /t/) and then work back to the abstract vowel. It seems that each
step requires additional cognitive resources, slowing processing.

Exemplar matching, at least in its most basic guise, does not provide an account of
these results, because if listeners were matching surface forms to stored exemplars as in
2b, they would not be any slower to fixate an opaque word than a simple unraised one.
But it is also more difficult to reconcile our findings with an account that posits an un-
derlying contrast between raised and unraised vowels in some or all environments and
a phonology built upon the contrast. For example, Pater (2014) argues for a raised/un-
raised contrast in the preflap environment, such that title has an underlyingly raised
diphthong while tidal has an underlyingly unraised diphthong. A word outside the con-
trastive environment, like biking, could also have an underlyingly unraised diphthong
on this account or, by lexicon optimization, could have an underlyingly raised diph-
thong. In the former case, we would predict that recognition of biking would proceed
more slowly than recognition of biting, because the listener would have to use phono-
logical inference to uncover the representation for biking but not for biting. In the latter
case, we would predict recognition of biking and biting to proceed at the same rate. Nei-
ther of these scenarios is in line with our results. 

Our findings may also have implications for the type of phonological grammar that
speakers use to map from underlying input to surface output, though those implications
remain murky. As mentioned above, phonological inference directly mirrors a serial
rule-ordering approach, in which the rules of vowel raising and stop flapping apply in a
counterbleeding order (Kiparsky 1973). In such grammars, a phonological change oc-
curs because a process-oriented rule requires it: if a rule states that /aɪ/ → [ʌɪ] before
voiceless stop, and the rule is fed the string /… aɪt …./, raising will happen with no re-
gard to whether that voiceless stop will survive to the surface. In contrast, theories that
apply all of their processes in parallel—such as optimality theory (Prince & Smolensky
2004 [1993]) and harmonic grammar (Legendre, Miyata, & Smolensky 1990a,b)—
are not structurally designed to capture any serial nature of sound decoding in lexical
recognition. Given the widespread agreement that constraint-based grammars are better
at capturing crosslinguistic phonological generalizations, this may simply indicate that
lexical recognition cannot be considered phonological production run ‘in reverse’. If,
however, the serial nature of word recognition is interpreted as support for a serial, de-
rivational model of underlying-to-surface phonology, it must further be noted that any
framework which imposes changes via surface-oriented constraints—even the deriva-
tional theory of harmonic serialism (McCarthy 2010)—is unable in its basic formula-
tions to capture counterbleeding opacity. Given this state of phonological theorizing,
we must leave open the extent to which serial word recognition informs any choice be-
tween phonological grammars. 

To summarize our contribution to the larger phonological debate, we quote one of
Pater’s (2014:237) main claims: that ‘patterns that usually are claimed to require inter-
mediate derivational stages and abstract underlying representations, of which Canadian
Raising and flapping is the canonical case, can at least sometimes be analyzed without
these formal mechanisms. How many of them can be, whether they should be … are all
questions for further research’. Our eye-tracking results provide one such type of coun-
terevidence as to ‘whether they should be’—rather, that abstract underlying representa-
tions in raised/flapped words should be maintained. 
5.2. Alternative accounts. While we have argued against an account that relies

on pure storage and exemplar matching, some more nuanced possibilities remain. One
alternative is to consider the morphological paradigms of our items. A simple exemplar



account would store both biking and biting with raised vowels, predicting no need for
slower processing of biting. However, a somewhat more complex account (e.g. Bybee
1988, 2000, 2001, 2002b, Hay & Baayen 2005, Pierrehumbert 2016) would link differ-
ent morphological forms of a word, connecting, for example, the derived form biting,
stored with a stem-final flap, with its morphological base form bite, stored with a final
[t]. A similar link would connect biking to its morphological base bike, both stored with
a stem-final [k]. On this account, the variation between /t/ and flap in the bite ~ biting
paradigm could result in slower access of the derived form compared with the invariant
bike ~ biking pair. However, this account does not explain why biking would be slower
than bible: both of these word sets would have consistent representations of the diph-
thong and their following stops, so the slower activation we found for biking- vs. bible-
type words would not be accounted for. More importantly, not all of the words in the
study shared morphological structure. There were both monomorphs and bimorphemic
words in each word-type (e.g. bible vs. wiser in the unraised set, biking vs. cyclops in
the raised set, and biting vs. vitals in the unraised set). This makes it difficult to make
generalizations about processing based on the morphological structure of our words.9

A different type of alternative account comes from the range of English dialects spo-
ken and available to speakers living in Vancouver who participated in our study, and the
potential ‘purity’ of their Canadian raising dialects, at least with respect to perception.
All of the participants in our study are likely exposed to a great deal of American En-
glish, through media and in personal contact with American friends, relatives, cowork-
ers, and teachers. Under an exemplar-based account, it is certainly possible that these
listeners have stored both raised and unraised pronunciations of words like biting and
biking, in contrast to their uniformly unraised exemplar cloud for words like bible. If
speakers have a larger variety of vowel exemplars for raised words, that could explain
their slower activation; the additional slowing in flapped words could also be the result
of more exemplars if nonflapped exemplars are stored as well. Under this scenario, un-
raised words are recognized the fastest because all of their exemplars share a single
vowel. Raised words like biking are slowed because listeners have both [bʌɪkɪŋ] and
[baɪkɪŋ] exemplars, and opaque words like biting are slowest because listeners have all
of [bʌɪɾɪŋ], [baɪɾɪŋ], [bʌɪtɪŋ], and [baɪtɪŋ]. 

While we cannot completely rule out this explanation, some research on variant
recognition across dialects casts doubt on it. First, intervocalic flapping is overwhelm-
ingly prevalent in potential flapping contexts in North American English (likelihood of
flapping in these contexts is reported as anywhere from 93.9% (Patterson & Connine
2001) to 99% (Zue & Laferriere 1979)). While we expect that our Canadian English
speakers hear many unraised tokens, it is hard to imagine that they hear very many un-
flapped tokens, calling into question the additional slowing explanation outlined above.
With regard to the influence of dialect, it is clear that experience with a particular di-
alect influences a listener’s ability to recognize words within that dialect, such that
greater experience is likely to facilitate recognition (Otake & Cutler 1999, Sumner &
Samuel 2009). On the one hand, Clopper and Walker (2017) suggest that listeners who
have been exposed to multiple dialects may develop a strategy whereby competitors

9 Unfortunately, our word sets were not balanced for the number of morphemes, making further analysis of
this issue difficult. Nearly all (10/12) of the opaque words were bimorphemic, in an effort to signal underly-
ing /t/ structure. By contrast, very few of the unraised words (3/12) were bimorphemic, and the raised words
were split (6/12). This makes it impractical to do an analysis by number of morphemes. We suspect that there
may be complex interactions between lexical frequency, word-type, and number of morphemes, but our item
sets were unfortunately not designed to test that.
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stay active longer, perhaps leading to a slowing in activation as we observed. On the
other hand, research by Sumner and Samuel (2009) suggests that listeners who are fa-
miliar with but not speakers of a dialect may not store dialect variants in their underly-
ing representations. This would suggest that our Canadian raising dialect speakers, who
are familiar with nonraising dialects of American English but do not speak them, may
not store these tokens as exemplars. Moreover, long-term exposure to an accent (as our
participants would have to American English) leads to normalization (Floccia et al.
2006), perhaps decreasing the chance that our participants would be influenced by the
American English variants. Finally, we note that listeners in our experiment 1 were es-
pecially slow to fixate the target picture when they heard unraised opaque words like
[baɪɾɪŋ], which are standard in the American English dialect. This suggests that these
exemplars were not accessed automatically, and thus may not have played a strong role
in inhibiting recognition of raised opaque words.

Another alternative we have not yet discussed is the role of competitors during word
recognition. A key tenet of almost every theory of word recognition is that listeners ac-
tivate multiple competitors that are consistent with an acoustic input, eliminating com-
petitors as the input unfolds and they are no longer consistent with it. The presence of
multiple competitors thus slows activation of the target (Vitevitch et al. 1999). One
might argue that in our experiment, biking and biting are stronger competitors for one
another on the surface (since both have raised vowels), while bible does not have a
strong surface competitor, as it is the only item of the four with an unraised vowel. This
might explain the slower activation of biking and biting as compared to bible. Here
again, however, the number of competitors does not account for why biting is activated
more slowly than biking; there, the difference is in number of (transparent) phonologi-
cal processes, rather than in number of competitors. 
5.3. Other aspects of our results. There remains the contribution of phonologi-

cal opacity. As already discussed, the cause of vowel raising in words like biting is not
surface-apparent, in that its triggering voiceless stop at the end of bite has been ob-
scured. It is not clear whether opacity itself plays a role in our findings. Within a phono-
logical-inference account, there are at least two possible explanations for the additional
slowing in opaque words that we are unable to tease apart. On the one hand, it could be
the case that undoing two processes (raising and flapping) simply requires more pro-
cessing than undoing a single process, and the delay associated with phonological in-
ference is thus additive. Alternatively, though, it may be the case that listeners are
delayed by the context for the raised vowel in opaque words. Here, the raised vowel oc-
curs before a flap, which may not be a clear licenser of raising. This may slow the in-
ference process, as the flap licenses both raised and unraised vowels. In the future,
examining a transparent multistep interaction of processes (i.e. a feeding interaction)
will be necessary to answer this question. 

Appendix: Stimuli10

10 Frequency per million (FPM) and log frequency from the SUBTLEXus frequency corpus (Brysbaert &
New 2009).

11 Note that fifer did not appear in the SUBTLEXus corpus, so we assigned it a raw frequency value of
0.001.

unraised raised
word FPM log freq word FPM log freq
bible 18.33 2.9713 biking 0.55 1.46240
silo 0.94 1.6902 cyclops 1.27 1.81950
fire 215.49 4.0410 fifer11 — 0.00043
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