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Abstract

The role of segment similarity in early (i.e., partially learned) lexical entries was assessed using artificial lexicons in a
referential context. During a learning phase participants heard 40 nonsense words, each accompanied by an unfamiliar
picture. In testing, participants heard the direction “Click on the [X]”, and chose which of four pictures was the target
(X). Target lexical items (e.g., piho) appeared with foils that were similar: cohort items (pibu), rhymes (dibo), matched
consonants (pabu) or matched vowels (diko). Two initial experiments demonstrated cohort and rhyme confusions, sim-
ilar to lexical activation findings. Four further experiments explored the role of segment similarity in word confusions.
Consonant-matched CVCV stimuli were more strongly confused with each other than were vowel-matched CVCV stim-
uli. Placing consonants in syllable-final position (VC[f][VC) weakened consonant effects and strengthened vowel effects.
These results suggest that syllable-initial segments play a strong role in word similarity and constrain the organization

of new lexical items.
© 2005 Elsevier Inc. All rights reserved.
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The research reported here addresses two issues
about the representation and processing of spoken
words. The first issue is whether vowels and consonants
contribute differentially to lexical similarity and if so,
whether differences are tied to the potential information
provided by each class of segment and/or the position
they typically occupy in syllables. In order to address
this issue, we examine confusions between newly learned
words in an artificial lexicon. Use of an artificial lexicon
allows us to manipulate properties that are otherwise
confounded in natural language lexicons. For example,
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most languages have more consonants than vowels
and consonants are more common than vowels in word
and syllable-initial position.

The second issue is whether there are qualitative
differences in the relative importance of consonants
and vowels early in learning compared to when a
word has been well learned. Partially learned lexical rep-
resentations, which we will refer to as “early” lexical
entries, may show the onset-based processing biases
characteristic of words in natural language lexicons
(Marslen-Wilson, 1987) and in artificial language lexi-
cons (Magnuson, Tanenhaus, Aslin, & Dahan, 2003) or
they may be represented more holistically. If there are
qualitative changes in representations as words become
better learned, then the relative importance of vowels
and consonants might change with the degree of learning.
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In the remainder of the introduction, we first moti-
vate the rationale for examining differences among
consonants and vowels and then introduce the rationale
for using the artificial lexicon methodology. We then
consider the issue of whether early lexical entries are rep-
resented holistically or in the more phonologically elab-
orated, onset-biased way that characterizes well-learned
natural lexical representations.

Research on spoken word recognition has shown that
as the acoustic properties of words unfold in time, multi-
ple word candidates are activated in parallel and com-
pete for recognition. Early in processing, the most
active candidates have similar onsets (Marslen-Wilson,
1987; Marslen-Wilson & Zwitserlood, 1989; Marslen-
Wilson, Moss, & van Halen, 1996), with activation mod-
ulated by frequency (Dahan, Magnuson, & Tanenhaus,
2001), among other factors. However, as more input
arrives, words that mismatch at onset but are globally
similar to the target word also become activated (Allop-
enna, Magnuson, & Tanenhaus, 1998; Connine, Titone,
& Wang, 1993; Goldinger, 1998; Luce & Pisoni, 1998),
though these words never compete as strongly as those
with similar onsets.

The lexical candidates that become most active
when a spoken word is processed define the competitor
or processing environment for that word. Although
effects of acoustic/phonetic similarity are increasingly
well-documented, fundamental issues about exactly
how to characterize similarity remain unresolved. These
issues are intertwined with questions about how acous-
tic information is represented in the lexicon, e.g., as
sequences of phonetic segments, phonemes or syllables.
For example, the most detailed model of competitor
similarity is the Neighborhood Activation Model devel-
oped by Luce and colleagues (for an overview, see Luce
& Pisoni, 1998). In this model, each word is stored as a
string of phonetic segments. Lexical activation is a
function of overall segment similarity with all other
words, weighted by the relative frequency of the target
word and the frequency-weighted ‘“‘neighborhood”
within which the target word resides. Similarity is eval-
uated using the Neighbor Word Probability rule, which
provides graded similarity scaling of words in terms of
the relative confusability of segments of one word with
the other, such that the neighboring words may not
necessarily share segments at all. An alternative “short-
cut” metric defines as a neighbor any word that can be
changed to another by adding, deleting, or changing a
single segment (neighbors of cat include cap [a cohort],
hat [a thyme], cot, cast, at, but not catalyze). Neighbors
are then used to compute the neighborhood similarity
function that maps onto the processing notion of acti-
vation. Strong support for the concept of lexical neigh-
borhoods comes from evidence that words in sparse
neighborhoods are recognized more quickly than words
in dense neighborhoods.

Despite the strong evidence that positional overlap
influences the degree to which a lexical competitor
becomes activated, neither of the similarity metrics used
by NAM is explicitly sensitive to order information. For
example, according to the shortcut rule, a consonant—
vowel-consonant (CVC) target word would be equally
confusable with other CVC neighbors, regardless of
whether the segment difference resided in the initial con-
sonant, the vowel, or the final consonant. (Note that the
more fine-grained confusion-based measure of neighbor-
hoods also collapses confusability estimates over syllable
position.)"!

Another important question is whether vowels and
consonants contribute differently to similarity. There
are several reasons why segment type may affect compet-
itor similarity. Vowels are louder, longer, and more
robust to noise masking (Dorman, Kewley-Port, Brady,
& Turvey, 1977; Horii, House, & Hughes, 1970) than
consonants. However, they also vary greatly across talk-
er and phonetic context, and are more subject to dia-
chronic changes than consonants (Hillenbrand, Getty,
Clark, & Wheeler, 1995; Peterson & Barney, 1952).
In contrast, consonants are distributed more tightly
along such dimensions as voice onset time (Lisker &
Abramson, 1964; Macmillan, Goldberg, & Braida,
1988). Consonants also tend to outnumber vowels
cross-linguistically, and constitute the majority of word
onsets. Note that these two qualifications are simply
informational ones: more alternatives means more infor-
mation can be conveyed, and elements with temporal
primacy can do more informational work that, all other
things being equal, could as easily be done by elements
later in the word. Thus, it is not clear if the greater
robustness of vowels outweighs their greater variability
compared to consonants.

Some evidence suggests that consonants are more
central to lexical representations than vowels. For
instance, Van Ooijen and colleagues (Cutler, Sebas-
tian-Gallés, Soler-Vilageliu, & Van Ooijen, 2000;
Marks, Moates, Bond, & Stockmal, 2002; Van Ooijen,
1996) have demonstrated that consonant information
may be more integral to word identity than vowel infor-
mation. In their “word reconstruction” task, a nonword
is presented which can be turned into a real word by
alteration of a single phoneme (e.g., “teeble” — table
or feeble). They found that speakers of English (Van
Ooijen, 1996), as well as speakers of Spanish and Dutch

U1t is of interest that the confusion data used in calculating
the NWP come from syllables embedded in white noise (Luce,
1986, as cited in Luce & Pisoni, 1998). Knowing that conso-
nants are more strongly masked than vowels, these noise data
(and hence the NWP) may underrepresent the discrimination
advantage conferred by consonants, classing words with
noninitial overlap as more phonologically similar than they
actually are, at least in non-noise contexts.



S.C. Creel et al. | Journal of Memory and Language 54 (2006) 1-19 3

(Cutler et al.; Marks et al, 2002), are faster and
more likely to change a vowel to make a real word, sug-
gesting that vowel information is more ‘“‘mutable”
than consonant information, perhaps because vowels
contribute less to lexical identity and lexical organiza-
tion than consonants. Stated another way, words are
more lexically distant when they differ by consonants
(feeble, teeble) than when they differ by vowels (teeble,
table).

However, these experiments were based upon listen-
ers’ knowledge of well-learned words. If the final lexical
storage state (that of over-learned words) differs from
that of newly learned words, it is not certain that conso-
nants are always so integral to lexical identity. Perhaps
earlier in learning, the more acoustically salient parts
of the word are more reliable for disambiguating lexical
entries.

There is only a sparse literature on how representa-
tions change as adults learn novel words (Dumay,
Gaskell, & Feng, 2004; Gaskell & Dumay, 2003). In
an ingenious study, Gaskell and Dumay presented lis-
teners with nonsense words, such as cathedruke, in a
phoneme detection task. Afterward, they looked for
increments or decrements in activation for real-word
neighbors (cathedral) by presenting these real words
in a lexical decision task. More rapid lexical decisions
would indicate phonological priming, while slower
(delayed) lexical decisions were taken as evidence of
lexical competition (interference) from the new non-
sense word. They found that activation changed over
the course of several days, with facilitated recognition
of cathedral in a lexical decision task early on, but inhi-
bition of cathedral in the same task on later days. This
inhibition implies the establishment of a (semantics-
free) lexical entry for cathedruke. Later work by
Dumay et al. (2004) further clarified these results, find-
ing that lexical competition appeared after 24 h, with-
out further exposure to the nonsense words. The
competition appeared earlier when the encoding task
was phonological than when it was semantic, suggest-
ing that lack of semantic encoding does not hinder
entry into the lexicon. Dumay et al. suggest that the
passage of time itself, not further exposure or strength-
ening of lexical traces, may serve to consolidate adults’
phonological representations of words.

The largest literature on the representation of par-
tially learned words comes from research on word dis-
crimination and word learning in infants and young
children. One hypothesis in this developmental litera-
ture (Charles-Luce & Luce, 1990, 1995) is that early
lexical organization differs qualitatively from mature
lexical organization in that, during the earliest phase
of learning, words are processed holistically without
regard to phonetic-feature conjunctions or linear order,
and only gradually does the learner come to favor
word-initial information. Thus, an overall acoustic

match between words is likely to be as confusing as
(or more confusing than) word-initial overlap. Chil-
dren, for instance, with smaller-than-adult lexicons,
also appear to have more sparsely populated lexical
neighborhoods, a good storage method if one’s lexical
entries are phonologically underspecified (Charles-Luce
& Luce, 1990, 1995).

An alternative hypothesis is that early lexical repre-
sentations and mature lexical representations are qual-
itatively identical (Coady & Aslin, 2003; Dollaghan,
1994). Coady and Aslin found that, relative to their
smaller vocabularies, children’s neighborhoods were
actually denser, not sparser, than would be expected
by chance; that is, phonological similarity may even
be beneficial in lexical acquisition, rather than engen-
dering confusions among indistinguishable lexical
entries. Relatedly, Swingley, Pinto, and Fernald
(1999) found that 24-month-olds were ‘“‘garden-
pathed” by words that matched initially and diverged
later, but not by rhymes. Swingley and Aslin (2000,
2002) found that 14- to 20-month-old infants were sen-
sitive to single-phoneme changes in familiar target
words. Thus, phoneme-level differences are noticed
even by early word-learners. Prior to word learning,
Jusczyk, Goodman, and Baumann (1999) showed that
9-month-old infants listened preferentially to lists of
words sharing features or phonemes at onset, but did
not preferentially listen to rhymes. These results indi-
cate, in contrast to a holistic, non-directional model,
that there is a word-onset preference quite early in lex-
ical development. All of this evidence suggests that
children have well-specified and onset-biased lexical
entries rather than holistic ones, even from a relatively
early point in acquisition. The foregoing literature on
childhood lexicons, of course, may not bear directly
on the organization of adult lexicons and the manner
in which they grow. The key problem in studying the
growth of the adult lexicon centers on gaining control
over the frequency and neighborhood structure of new-
ly acquired words.

The paradigm that we will use to investigate differ-
ences among consonants and vowels as a function of lex-
ical learning builds upon recent work that uses artificial
lexicons to gain precise control over the information
structure of the lexicon. Magnuson et al. (2003) exam-
ined word frequency, cohort, and rhyme effects by hav-
ing participants learn 16 novel CVCV labels for 16
black-and-white shapes. They then monitored visual fix-
ations to the shape referents of these words to assess
transient confusions of cohort and rhyme competitors.
Magnuson et al. found suggestive evidence that as the
lexicon becomes better learned, rhyme competition
becomes weaker relative to cohort competition. Unlike
Charles-Luce and Luce (1990, 1995), they attribute this
reduction in rhyme competition not to a change in the
nature of lexical storage, but to a progression from weak
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to strong lexical traces as more input accrues, with
onsets taking on greater predictive value as exposure
frequency, and underlying representational fidelity,
increases. These results suggest, in line with Coady and
Aslin (2003) and Dollaghan (1994), that the process by
which the lexicon grows may be very similar in both chil-
dren and adults.

Importantly for the studies presented here, Magnu-
son et al. (2003) established two basic results that val-
idate the use of the artificial lexicon paradigm. First,
the temporal dynamics of lexical competition in the
artificial lexicon were strikingly similar to those for real
words, as indicated by frequency effects, neighborhood
effects, and the time course of cohort and rhyme
competition. Second, the processing of words in the
artificial lexicon was largely encapsulated from the
native-language lexicon, as assessed by manipulations
of neighborhood density between the artificial lexicon
and the native-language lexicon (see Magnuson et al.,
Experiment 3). This latter finding suggests that, at least
in the early phase of lexical learning, the artificial lexi-
con paradigm provides a well-controlled test-bed for
examining neighborhood structure without contamina-
tion by the native-language lexicon. Not only can we
control word frequency across the entire lexicon, but
we can also manipulate the phonetic content and the
varieties of phonological similarity within the lexicon,
venturing outside the normal patterns of most natural
languages.

The goal of the present series of experiments was
to examine differences in the importance of segment
types in lexical representations. To achieve this goal
we modified Magnuson et al.’s (2003) artificial lexicon
paradigm in two ways. First, we increased the size of
the lexicon. Second, and importantly, we extended the
use of this paradigm to error patterns, instead of eye
fixation proportions, as the dependent measure. While
Magnuson et al. trained learners to ceiling perfor-
mance, we chose to focus on errors as a more sensi-
tive measure of the progression of lexical learning.
Using this paradigm, we address two major theoreti-
cal points. First, we ask whether representations of
newly learned words are more holistic than the pho-
nologically well-specified, onset-weighted representa-
tions of overlearned words. If newly learned words
show more onset-based confusions than overall-form
confusions, hypotheses that suggest qualitative chang-
es over time in lexical entries are cast into doubt.
Experiments 1 and 2 evaluate the holistic hypothesis
by examining the importance of onset-based similarity
versus global similarity, comparing cohort and rhyme
confusions and their change with degree of learning.
We found that confusions for recently learned words
show cohort and rhyme effects similar to those
obtained with real words and with a well-learned lex-
icon. Moreover, onset-based similarity is important

early in learning and does not change with increased
learning.

Experiments 3 through 6 then examine the impor-
tance of consonants and vowels for lexical storage.
Experiment 3 establishes that consonant similarity is
a more reliable predictor of confusions than vowel
similarity. The remaining experiments evaluate alterna-
tive hypotheses for why consonants might contribute
more to similarity than vowels. Experiment 4 examines
the hypothesis that consonants are more important
because they provide more information by using a lex-
icon with more vowels than consonants, thus render-
ing the vowels more informative. Experiments 5 and
6 examine whether consonants are more significant
than vowels in lexicons in which vowels occur more
often in word- and syllable-initial position compared
to consonants.

Experiment 1

The goal of Experiment 1 was to determine whether
activation of early lexical entries, as reflected in the
pattern of errors in matching an auditory word-form
to a novel visual shape, would mirror the cohort com-
petitor effects observed in mature lexical activation.
Cohort competitors are words that match phonemically
at onset (e.g., candy and candle, as well as can, candor,
cabbie, etc.). Such lexical items that match at onset typ-
ically produce very strong effects, such as greater
response latencies to the target, stronger priming, and
larger proportions of eye movements to the competitor
than to unrelated items. Magnuson et al. (2003)
showed that cohort effects are present in newly learned
lexical items as assessed with a lexical activation task
and an eye-tracking measure. Their results were inter-
preted as an indication of lexical similarity between tar-
get words and their cohorts, suggesting that cohorts
might also be confusable even for very new lexical
entries.

Method

Participants

Twelve University of Rochester undergraduates were
paid $30 for three 30 to 40-min sessions on consecutive
days. None reported any history of hearing difficulties.

Materials

Participants learned 40 novel words for 40 novel
black-and-white objects. Words were CVCYV in structure
(see Appendix A). All of the pictures had labels, and all
of the labels had pictures (that is, no pictures or labels
served as meaningless fillers). In one (Cohort) set of 20
items, 10 pairs of words were paired by cohort similari-
ty, defined by an identical initial CVC (bamo, bami); in a
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Fig. 1. On a learning trial, two objects were presented in
random locations. After 800 ms, a box formed around one
object and its name was spoken.

second set of 20 items, 10 pairs of words were phonolog-
ically dissimilar, being paired randomly. The inclusion
of pseudo-matched pairs served as an estimate of confu-
sions without phonological similarity.> All words were
constructed from a set of 10 consonants ([b, d, g, p, t,
k, m, n, s, z]) and 5 vowels ([a, i, e1, o, u]). Across all
40 words (balanced across cohort and unrelated sets),
each segment occurred in first and second syllable posi-
tion an equal number of times, with the exception that
/o/ occurred nine times in syllable 2, while /u/ occurred
only 7 times. (As this small deviation from uniformity
was in syllable-final position and could not conceivably
modulate cohort size, we do not believe it affected the
outcome.) Stimuli were generated with the Macintalk
speech synthesis system, using the SpeechSaver applica-
tion (Singer, D’Oliveiro, 2001) to convert sound samples
directly to audio files. The voice used was Victoria (high
quality), with rate 150, pitch 54, volume 100, and mod-
ulation 7.3

Learning

Participants completed the same learning and test
phases on each of three consecutive days. On each trial,
two unfamiliar pictures (Fig. 1) were presented simulta-
neously, and after 800 ms the object of interest was
enclosed by a black outline square. After 200 ms, the

2 In a manipulation that has no bearing on the results of the
current experiment, half of each set of pairs contained objects
that were always paired with one another in the learning
phase, while the other half were randomly paired with a
number of items in the learning phase (see Fig. 1). Consistent
or random pairing was evenly distributed between cohort and
non-cohort pairs. This manipulation was designed to create
differences in contextual similarity, which we hypothesized
might have effects on confusions in addition to acoustic-
phonetic similarity effects. It did not, and we therefore do not
further analyze this factor. This method of presentation was
maintained in the following experiments only for methodo-
logical comparability.

3 Rate is indicated in words per minute, pitch specifies mean
Fo in semitone units, and modulation specifies the range of
allowable pitch deviations from the mean (monotone modula-
tion = 0). Volume is expressed as a percentage of the maximum
system volume, ranging from 0 to 100.

name of this object was spoken by the synthetic voice.
When the participant clicked the word next positioned
in the center of the screen, this cycle of object presen-
tation, highlighting, and naming was repeated. Each of
the 40 pictures was named on 12 trials in the learning
phase of each experimental session, for a total of 480
trials per session. As well, each of those 40 pictures
appeared 12 times as the unnamed picture on 12 trials
per session. Though the objects were designed to be rel-
atively unfamiliar in appearance, we used four different
object/word pairings across participants to minimize
spurious coincidences of name and object appearance
(e.g., the word muta being paired with a cow-like
object).

Test

The test phase on each day immediately followed the
learning phase and consisted of 80 trials (Fig. 2). Four
objects appeared on the screen, and after 100 ms the par-
ticipant was instructed to (e.g.) “Click on the muta.”
After a single response on each trial, the next trial, con-
taining four objects, was immediately presented. The
positions of the shapes on each trial were counterbal-
anced so that each shape was equally likely to appear
in any of the four screen positions. No feedback was
provided during testing.

All 40 pictures served as the target picture on two
test trials: once with the competitor picture present
(i.e., the bamo was the target and the bami was also
present, as shown in Fig. 2), and once with the com-
petitor picture absent (the bamo was the target but
the bami was not among the objects pictured on the
screen). On the competitor-picture-present trial, the

bami
(cohort)

4

bamo .
(target)

g .

~_

P \ kanu
gido (unrelated)

(unrelated)

Fig. 2. On a test trial, four objects were presented. On the trials
of interest (competitor trials), one object (e.g., bamo) was the
target object, another (bami) a phonologically related compet-
itor (or an unrelated pseudocompetitor), and the remaining two
were phonologically unrelated distractors (gido, kanu).
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target picture and the cohort competitor (or pseudo-
competitor) picture were accompanied by two pictures
with phonologically unrelated names (e.g., bamo [tar-
get], bami [cohort], gido [unrelated], kanu [unrelated]).
On the competitor-picture-absent trial, the target was
accompanied by three pictures with phonologically
unrelated names (e.g., bamo [target], kobi [unrelated],
gido [unrelated], kanu [unrelated]). This latter trial
type was included so that participants would not
become aware of the cohort similarity manipulation.
Thus, there were 40 competitor-picture-present trials,
and these are the ones we examine. Twenty of these
trials tested the actual cohort words, the other twenty
tested the pseudomatched words. On 20 of these trials
the picture of the cohort word was present and selec-
tion of that picture when the target word was spoken
constituted a cohort confusion. On the other 20 trials,
with the other 20 (pseudomatched) targets, the picture
of the pseudomatched word was present (e.g., beika
[target], gido [pseudocompetitor], tuzi [unrelated],
gopu [unrelated]), providing chance confusion data.
If cohort confusions occur, there should be relatively
more erroneous selections of the cohort picture than
of the unrelated pictures on those trials, while the
pseudomatched picture should not be selected more
often than unrelated pictures.

Analysis

Competitor errors were summed for each participant
for each of the three days. Similarly, distractor errors
were summed for each participant and then divided by
2 because distractors occurred twice as often as compet-
itors. By comparing rates of competitor errors to rates of
distractor errors on each trial type, we could determine
whether competitor choices occurred more often than
chance, indicating that targets are more lexically similar
to cohort competitors than to phonologically unrelated
items.

Results and discussion

All of the analyses in this and the following five
experiments were restricted to competitor-present trials,
and were performed with both participants and items as
random factors. We calculated the percentages of errors
to the phonologically related competitor (or pseudo-
competitor) and the average percentage of distractor
errors (recall that rwo unrelated distractor pictures were
present on each trial). As shown in Fig. 3, the overall
pattern of results showed that error rates to competitors
greatly exceeded errors to distractors in the cohort con-
dition. However, error rates for unrelated distractors
and for competitors in the pseudomatched condition
were comparable to one another. Distractor error rates
were similar in both conditions. While the magnitudes
of these effects changed across the three days of the

40%
—— Competitor
35% 44— =—® =Unrelated distractor
—e&—Pseudocompetitor

30% | —-0—-Unrelated distractor _|

25%
5 T
: T
€ 20%
@
2
4

15% ..

10%

%\\
5% 2
P~
~— m~——
0% : —
Day 1 Day 2 Day 3

Fig. 3. Experiment 1 results. Thick lines are cohort-trial errors,
while thin lines are pseudo-matched trial errors. Solid lines
indicate errors to the competitor (or pseudocompetitor), with
dashed lines indicating the corresponding unrelated distractor
errors divided by 2. Error bars are standard errors.

experiment, the nature of the effect remained similar
on all days.*

A repeated-measures analysis of variance (ANOVA)
with Match Type (cohort or pseudomatched), Error
Type (competitor or distractor), and Day (1, 2, 3) as fac-
tors confirmed the foregoing summary. There were
effects of Day (F(2,22) =10.7, p=.0006; F>(2,76) =
23.04, p <.0001), indicating decreasing errors over Days;
Match Type (Fi(1,11) =18.72, p=.001; F5(1,38) =
24.06, p <.0001), indicating overall more errors on the
cohort target trials than on pseudomatched target trials;
and Error Type (F(1,11) = 26.94, p = .0003; F5(1,38) =
36.41, p <.0001), indicating overall more competitor than
distractor errors. There was also a Match Type x Error
Type interaction (Fi(1,11) =31.48, p =.0002; F5(1,38) =
44.47, p <.0001), stemming from the fact that competitor
and distractor errors only differed in the cohort condition

4 In this experiment and the one following, there were no
striking effects of or interactions with Day, nor were there such
effects in any of the following experiments. There is some
interest in the literature as to whether rhyme effects begin
stronger and diminish over time as a word becomes more well-
learned, while cohort effects remain or even strengthen over
learning. This is similar to the developmental debate as to
whether words are holistically represented initially, or if they
are fully specified from the outset. We find no such effects of
stronger rhymes or holistic storage here; rather, rhyme (holistic)
confusions are weaker from the outset.
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(11(11) =5.59, p =.0002; t5(19) = 6.81, p <.0001), and
not in the pseudomatched condition (z#;(11)= —.93,
p=.37; t2,(19) = —.88, p =.39). There were no interac-
tions of any of these factors with Day: Day x Match Type
(F1<1; F,<1), DayxError Type (F;(2,22)=1.09,
p=.35 F,<1), DayxMatch TypexError Type
(F1(2,22) =1.57, p = 23; F, <1).

These results indicate that partially learned pairs of
words sharing acoustic onsets (i.e., first syllable + sec-
ond syllable onset) were confused with one another
more often than with acoustically dissimilar distractor
words. This effect was steady over days, while absolute
error rates declined. This pattern of results is similar
to the lexical activation effects (cohort confusions) seen
in experiments on spoken word recognition, using both
overlearned words from the natural lexicon (e.g. Mar-
slen-Wilson, 1987) and novel words (Magnuson et al.,
2003). Interestingly, our results show that word-initial
information is prominent even in partially learned lexi-
cal entries, as attested by using error rates—a sign of
incomplete mastery of this artificial lexicon—as the
dependent measure.

Experiment 2

Experiment 2 further explored whether activation of
recently learned lexical items shows the onset biases
associated with processing words in a mature lexicon.
In contrast to cohort effects, transient lexical confusions
of rhymes (words that mismatch only at onset) have
been observed only rarely in many tasks (e.g., gating
and lexical decision), and when they are reliably present
in eye movement tasks, they are much weaker than
cohort effects. However, some have argued (Charles-
Luce & Luce, 1990, 1995) that for new lexical entries,
global acoustic similarity may be more important than
the match at word onset, suggesting that rhyme confu-
sions among early lexical entries may be as prevalent
as cohort confusions. In the present experiment, we test-
ed this hypothesis by utilizing items which, like the
cohort items in Experiment 1, differed by a single seg-
ment; but in this case it was the initial segment rather
than the final segment, yielding rhyme pairs.

Method

Participants

Twelve University of Rochester undergraduates were
paid $30 for three 30 to 40-min sessions on consecutive
days. None reported any history of hearing difficulties
and none had participated in Experiment 1.

Materials
All 40 novel words used were CVCV in structure (see
Appendix A). In one (rhyme) set of 20 items, 10 pairs of

words shared a final VCV (duter, mutei), while in a sec-
ond set of 20 items, 10 pairs of control words did not
share final VCVs. Both sets of items contained each seg-
ment in both first and second syllable position an equal
number of times. All words were constructed from the
same set of 10 consonants ([b, d, g, p, t, k, m, n, s, z)])
and 5 vowels ([a, i, e1, o, u]) used in Experiment 1 and
were generated synthetically in an identical manner.

Learning and test

The learning and test phases were in all respects iden-
tical to that of Experiment 1, except that instead of
cohort pairs, acoustically similar words were rhymes.

Results and discussion

As shown in the right half of Fig. 4, the overall pat-
tern of results showed that errors to rhymes of the target
exceeded errors to unrelated distractors, while errors to
pseudomatched competitors did not exceed distractor
errors. Data from Experiment 1 are presented on the left
side of the Figure for comparative purposes; note that
the overall cohort effect appears larger than the rhyme
effect.

We first analyzed only the data from the current
experiment. A repeated-measures analysis of variance
(ANOVA) with Match Type (rhyme or pseudomatched)
and Error Type (competitor or distractor) as factors
confirmed the presence of rhyme confusions: the only
significant effect was a Match Type x Error Type inter-
action (Fi(1,11)=14.6, p=.003; F(1,38)=7.1,
p =.01), showing that competitor and distractor errors
only differed in the rhyme condition (#(11)=2.7,
p=.02; 1,(19) =2.58, p <.02), and not in the pseudo-
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Fig. 4. Experiment 2 (rhyme) results, with Experiment 1
(cohort) results for comparison. Note that Experiment 1 data
are now collapsed across Days. Black bars indicate errors to the
competitor, gray bars indicate errors to the pseudocompetitor,
corresponding white bars indicate corresponding unrelated
distractor errors divided by 2. Error bars are standard errors.
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matched condition (#;(11)=—-1.3, p=.22; 1,(19)=
—1.07, p =.3).

Comparing the magnitude of the competitor effect
across Experiments 1 and 2 revealed that the cohort effect
was greater than the rhyme effect. An Experiment X
Match Type x Error Type interaction (F(1,22) = 18.74,
p =.0003; F5(1,76) = 21.93, p <.0001) indicates that the
Experiment X Error Type interaction was significant only
for phonological competitors (actual cohorts and rhymes;
Fy(1,22) =20.44, p = .0002; F>(1,38) = 27.45, p <.0001),
not the pseudomatched words (F(1,22) = .02, p = .89;
F>(1,38) =.006, p =.94). That is, there was a greater
difference between competitor and distractor errors
in the cohort condition than in the rhyme condition.
The pseudomatched conditions of both experiments
were nearly identical, showing, as expected, no error
asymmetries.

These results mirror the asymmetries between rhyme
and cohort competition in empirical data on lexical acti-
vation (Allopenna et al., 1998; Magnuson et al., 2003;
Marslen-Wilson & Zwitserlood, 1989; Marslen-Wilson
et al., 1996) and in models of lexical competition such
as TRACE (McClelland & Elman, 1986) and Shortlist
(Norris, 1994). Our listeners appeared to weight word-
initial information more heavily in lexical access, even
for incompletely learned lexical entries.” Now that we
have established that early lexical entries, much like
mature ones, are phonologically well-specified and no
more holistically represented than are overlearned
entries, we focus on the relative roles of consonants
and vowels in lexical representation. In addition,
because the pattern of results did not change across
days, we collapse our analyses across that variable in
order to obtain maximum statistical power for the effects
of interest.

Experiment 3

As summarized in the introduction, the literature has
provided mixed results on the effects of word similarity
defined by consonants and by vowels. Each segment
type has potential advantages for carrying useful infor-
mation—vowels are louder and longer, but are strongly
affected by coarticulatory, talker, and random variation
(Peterson & Barney, 1952). Van Ooijen and colleagues
(Cutler et al., 2000; Marks et al., 2002; Van Ooijen,
1996), by contrast, have shown that consonants may
contribute more information than vowels to lexical iden-
tity and lexical organization of overlearned words. How-
ever, all of Van Ooijen’s word similarities were

3 1t should be kept in mind that our listeners were all adults,
and that first-language acquisition by infants may be a different
scenario, a point that will be addressed in the general
discussion.

unidirectional (nonword — word), and many contained
more consonants than vowels. Here we explore novel
word < novel word confusions, with each word con-
taining an equal number of consonants and vowels.

Method

Participants

Twenty-four University of Rochester undergraduates
were randomly assigned to one of two conditions (con-
sonant or vowel similarity) and were paid $30 per partic-
ipant for three 30 to 40-min sessions on consecutive
days. None reported any history of hearing difficulties,
and none participated in Experiments 1 and 2.

Materials

All 40 novel words were CVCV in structure (see
Appendix A). In the consonant similarity condition, 10
pairs of words shared two consonants (dozei, duzo),
while 10 other pairs of words shared a single initial con-
sonant. In the complementary vowel similarity condi-
tion, 10 pairs of words shared two vowels (nasi, tagi),
while 10 pairs of words shared the first vowel. All words
were constructed from the same set of 10 consonants ([b,
d, g p,t,k, m, n, s, z]) and 5 vowels ([a, i, e1, o, u]) used
in the previous two experiments. In both conditions,
each set of two-segment- or one-segment-matched items
contained 5 consonants occurring equally often in the
first consonant position, and the other 5 in the second
position, with the consonants reversed but also occur-
ring equally often in the other item set. Vowels occurred
equally often in each possible position in both sets.®
Stimuli were generated synthetically as in Experiments
1 and 2.

Learning and test

The learning and test phases were in all respects iden-
tical to that of the preceding experiments, except that
two-segment (or one-segment) consonant-(or vowel-)
matched items were of primary interest as the potentially
confusable words.

© Because there were a limited number of possible combina-
tions of consonant pairs and vowel pairs, we were forced to use
a given consonant pair four times in the experimental words in
this and the following experiments: that is, there were four
words in the set that had the same pair of consonants or vowels
(e.g., pona, punel, pino, panu). However, these quads of items
were split into two pairs: each test trial for a given target had
only a single competitor. Thus only pona and punei occurred in
the same test trials as target and competitor (or vice versa), and
only pino and panu occurred in the same test trials as target and
competitor (or vice versa). This does mean that we cannot
directly compare confusion rates between the first two exper-
iments and the final four experiments.



S.C. Creel et al. | Journal of Memory and Language 54 (2006) 1-19 9

30%

M Two-segment competitor
OUnrelated distractor
25% 4+ @mOne-segment competitor
OUnrelated distractor
20%
=
]
]
€ 15%
Q
£
= ‘|'
a
10% 4
5% 4 T
0% + T

Consonant Vowel

Fig. 5. Experiment 3 results in consonant and vowel condi-
tions. Black bars indicate two-segment-competitor errors, gray
bars indicate one-segment-competitor errors, corresponding
white bars indicate corresponding distractor errors divided by
2. Error bars are standard errors.

Results and discussion

As shown in Fig. 5, the overall pattern of results
revealed more competitor errors than distractor errors
for two-segment-matched word pairs, but not for one-
segment-matched word pairs. However, this competi-
tor—distractor asymmetry for the two-segment-matched
words was only reliable for the consonant condition.
In the vowel condition, there appears to be a somewhat
smaller (albeit nonsignificant) trend for two-segment-
matched words.

A mixed repeated-measures ANOVA with Segment
Type (consonant, vowel), Overlap (two-segment, one-
segment), and Error Type (competitor, distractor) as
factors confirmed the foregoing summary.” The effects
of Overlap (F(1,22) =10.46, p = .004, F5(1,33) =5.73,
p=.02) and Error Type (F(1,22)=8.42, p=.008,
F5(1,33) =12.45, p =.001) were significant, as well as
the interaction of Overlap and Error Type (F(1,22) =
18.23, p =.0003, F5(1,33) = 10.64, p = .003). The Over-
lap effect indicated more errors on two-segment matched
trials than on one-segment matched trials, and the Error
Type effect suggested more competitor than distractor
errors overall. The interaction of these two factors
indicated that the Error Type effect (more competitor

" Due to a design oversight in Experiments 3 and 4, a
large proportion of trials contained distractors which shared
one (or more) initial C or V with the target item. When the
data from these trials were removed, we found that the
results were qualitatively similar to those in the full analysis,
while lower in power (analyses reported are from the
reduced analysis). Importantly, in both experiments, conso-
nant confusions were still more statistically robust than
vowel confusions.

than distractor errors) was stronger for two-segment-
matched trials. The three-way interaction of Segment
Type, Overlap, and Error Type did not reach signifi-
cance (Fy(1,22)=3.13, p=.09, F5(1,33)=2.36,
p=_.13).

Because we expected that effects between the two seg-
ment types might differ, we performed analyses for each
Segment Type condition individually. For the consonant
condition, Error Type (Fi(1,11)=29.57, p=.0002,
F5(1,14) = 6.26, p = .03) and the Overlap x Error Type
interaction (Fy(1,11) =27.58, p=.0003, Fx(1,14)=
7.04, p = .02) were both significant, the latter indicating
that only for two-segment-matched words did competi-
tor errors exceed distractor errors (z1(11)=6.73,
p <.0001, #5(9) = 3.42, p = .008).

For the vowel condition, however, the same effects did
not reach significance: Overlap, Fy(1,11) = .84, p = .38,
F»(1,19) =1.21, p=.29; Error Type, Fi(1,11)=1.23,
p=.29, F5(1,19) =5.47, p = .03; Overlap x Error Type,
Fi(1,11) =2.34, p = .15, F5(1,19) = 2.53, p = .13. These
nonsignificant effects suggest that the weight of the
Error Type and Overlap x Error Type effects were
carried by the consonant condition, perhaps due to
greater variability (lower reliability) in the vowel
condition.

The overall pattern of results in Experiment 3
revealed a possible asymmetry in lexical confusions:
matching consonant frames are more reliably confusable
than matching vowel frames. This is not simply the effect
of the two-consonant items being one-consonant
cohorts, as words that shared only a single consonant
were not confused with one another. Words that had
to be disambiguated by their vowels (two-consonant-
matched words) were more reliably confused with one
another than words that had to be disambiguated by
their consonants (two-vowel-matched words). It should
be noted here that the statistically significant two-conso-
nant confusions involved items that differ by two seg-
ments, suggesting that the shortcut rule for estimating
neighborhood size in NAM (Luce & Pisoni, 1998),
which has been used extensively in the literature on lex-
ical activation, may provide an incomplete metric for
neighborhood similarity.

The present results suggest a tendency for consonants
to be somewhat more integral to word identity than
vowels. However, whether this asymmetry is actually
present is unclear, and at least two alternative explana-
tions should be considered before accepting this conclu-
sion. First, it may be the case that consonants are simply
less altered by coarticulation than vowels, making con-
sonant information slightly more reliable than vowel
information in word identification. Second, and perhaps
more obviously, in our set of words, consonants out-
numbered vowels by a 2:1 ratio. Thus vowels were less
indicative of word identity, possibly obscuring effects
of similarity and accounting for the nonsignificant
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result. In the next experiment we reverse this ratio to
determine whether relative segment number within an
artificial lexicon can modulate word confusions.

Experiment 4

The segment inventory in all of the preceding artifi-
cial lexicon experiments consisted of more consonants
than vowels, a distributional property of English and
many other natural languages. The greater number of
consonants rendered them more informative as to lexical
identity than vowels. While our previous stimuli mir-
rored segment type distributions in most human lan-
guages, it is possible to create an artificial lexicon that
does not have these properties. In the present experiment
we use artificial lexical items constructed from a different
set of segments having a greater number of vowels than
consonants. If informativeness within the artificial lexi-
con is important in the lexical weighting of segment
types, then vowel-based confusion effects should emerge
as the relative size of the vowel inventory exceeds that of
consonants.

Method

Participants

Twelve University of Rochester undergraduates were
randomly assigned to the consonant similarity condition
and 12 to the vowel similarity condition, and were paid
$30 per participant for three 30 to 40-min sessions on
consecutive days. None reported any history of hearing
difficulties, and none was tested in Experiments 1-3.

Materials

All 40 novel words were CVCV[C] in structure (see
Appendix A). An additional non-informative conso-
nant® (hence the notation [C]), d3, was placed at the
end of each word to allow the use of lax vowels. In
the consonant similarity condition, 10 pairs of words
shared the first two consonants (bosaids, baseds), while
10 other pairs of words shared a single initial consonant.
In the complementary vowel similarity condition, 10
pairs of words shared two vowels (tibaidz, pigaids),
while 10 pairs of words shared the first vowel.

In contrast to the preceding experiments, all words in
the present experiment were constructed from a set of 5
consonants ([b, g, p, t, s]) and 10 vowels ([a, i, e1, 0, u, a1,
a1, al, 1, ¢]), such that vowels now outnumbered conso-
nants by a ratio of 2 to 1. In both conditions, each set of

8 In Experiment 4 and later in Experiment 6, we choose to
utilize a single consonant that is redundant for all words. That
is, “non-informative” indicates that identifying this consonant
is unhelpful in distinguishing among any pair of words in the
artificial lexicon.

two-segment- or one-segment-matched items contained
5vowels that occurred equally often in the first vowel posi-
tion, and the other 5 vowels in the other position, with the
vowels reversed but also occurring equally in the other
item set. Consonants occurred equally often in first and
second position in both sets. Stimuli were generated syn-
thetically as in the previous three experiments.

Learning and test
The learning and test phases were in all respects iden-
tical to that of the preceding experiments.

Results and discussion

As shown in Fig. 6, the overall pattern of results
revealed that in the consonant condition there were
competitor effects for both two-segment-matched and
one-segment-matched words, suggesting robust conso-
nant-based confusions. However, unlike Experiment 3,
there was not a numerical tendency toward vowel-based
confusions. It seems that simply altering the relative pro-
portions of segment types in the artificial lexicon is insuf-
ficient to improve the capacity of vowels to disambiguate
words.

A mixed repeated-measures ANOVA with Segment
Type (consonant, vowel), Overlap (two-segment, one-seg-
ment), and Error Type (competitor, distractor) as factors
confirmed the foregoing summary. The effect of Error
Type was significant (F(1,22) =7.82, p = .01, F5(1,32)
=9.13, p =.005), indicating more competitor than dis-
tractor errors overall. The Segment Type x Error Type
interaction (F1(1,22)=7.85, p=.01, F5(1,32)=8.83,
p = .006) also reached significance, due to a greater com-
petitor—distractor difference for the consonant condition.
The overall Segment Type x Overlap x Error Type inter-
action did not approach significance (F;(1,22) = .94,
p=.34, F5(1,32) = .92, p = .34).
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Fig. 6. Experiment 4 results in consonant and vowel condi-
tions. Black bars indicate two-segment-competitor errors, gray
bars indicate one-segment-competitor errors, corresponding
white bars indicate corresponding distractor errors divided by
2. Error bars are standard errors.
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We then examined each Segment Type condition indi-
vidually. For the consonant condition, the effect of Error
Type was significant (F(1,11) = 11.96, p = .005, F5(1,16)
=13.34, p =.002), but not the Overlap x Error Type
interaction (Fi(1,11) =.31, p=.59, F5(1,16) = .28, p =
.6). While the two-segment items (#;(11) = 2.33, p = .04,
t2(9) =2.78, p =.02) showed a significant competitor
effect, the one-segment competitor effect did as well
(11(11) =3.53, p=.005, 1x(7)=2.6, p=.04), though
slightly smaller in magnitude (note that this was not a sig-
nificant difference). Thus, competitor errors were greater
than distractor errors when the competitor shared at least
one consonant with the target. However, for the vowel
condition, no effects approached significance: Overlap:
Fi(1,11) =2.03, p = .18, F5(1,16) = 1.00, p = .33; Error
Type: Fi(1,11) =0, p =1, F»(1,32) =.002, p = .97; Over-
lap x Error Type: Fi(1,22) = .74, p = .41, F5(1,32) = .86,
p = .37. Thus, same-vowel confusion effects went unde-
tected in this experiment.

These results indicate that both single- and double-
consonant-matched items are more reliably confused
with one another than are vowel-matched items (recall
the significant Segment Type x Error Type interaction).
Nonetheless, vowels do not seem to be more informative
than in the preceding experiment, even when they vastly
outnumber consonants. This elaborates upon the pre-
ceding experiment, implying that vowel information is
not weighted more highly when the inventory of vowels
is larger and vowels are, by definition, more informative
for word identity than consonants. Indeed, it may be the
case that having a large number of vowels makes them
less useful as cues to word identity, perhaps because a
larger number of vowels may increase confusability as
they begin to overlap in vowel space. It is also possible
that, while vowels would otherwise be informative,
speakers of American English tend to downweight vowel
information in lexical entries because vowels are less sta-
ble than consonants across dialects. However, the only
way to determine whether vowel information can take
on added importance in lexical representation would
be to greatly extend the duration of the learning phase
for an artificial lexicon that is distributionally ‘“‘vowel
heavy” as in Experiment 4.

Experiment 5

The fact that consonant similarity still led to more
detectable confusability than vowel similarity, at least
after 60 to 90 min of exposure to an artificial lexicon
where vowels outnumbered consonants, suggests that
consonants may hold a privileged status in lexical repre-
sentations. However, consonants in the preceding exper-
iments possessed another advantage which we have yet
to confer upon the vowels: word-initial position. Per-
haps words with similar consonants are more confusable

partly due to the fact that most words in English (and
many other languages) begin with a consonant (or con-
sonant cluster). According to this view, consonants take
on added weight in lexical activation because they differ-
entiate words (or narrow the range of alternative words)
immediately after the processing of the initial phonetic
segment (i.e., they define a cohort), and this conso-
nant-bias spreads to later-occurring consonants in the
word. To test this hypothesis, we created artificial lexi-
cons that consist entirely of VCVC words. If word-initial
position is the major contributor to the consonant con-
fusion effects we have seen in the previous experiments,
then we should find reliable evidence of vowel confusion
effects and perhaps a reduction in consonant confusion
effects.

Method

Participants

Twelve University of Rochester undergraduates were
randomly assigned to a consonant similarity condition
and 12 to a vowel similarity condition, and were paid
$30 per participant for three 30 to 40-min sessions on
consecutive days. None reported any history of hearing
difficulties, and none was tested in Experiments 1-4.

Materials

The 40 novel words were VCVC in structure (sce
Appendix A). In the consonant similarity condition, 10
pairs of words shared two consonants (opan, upein),
while 10 other pairs of words shared the first consonant.
In a complementary vowel similarity condition, 10 pairs
of words shared two vowels (umeis, upeib), while 10
pairs of words shared the first vowel.

As the results of Experiment 4 did not suggest that
increased vowel number raised participants’ weightings
of vowel information, all words in the present experi-
ment were constructed from the original set of 10 conso-
nants and 5 vowels. In both conditions, each set of
two-segment- or one-segment-matched items contained
5 consonants occurring equally often in the first conso-
nant position, and the other 5 in the second consonant
position, with the consonants reversed but also occur-
ring equally often in the other item set. Vowels occurred
equally often in each of the two positions in both sets.
Stimuli were generated synthetically as in the previous
experiments.

Learning and test
The learning and test phases were in all respects iden-
tical to that of the preceding experiments.

Results and discussion

As shown in Fig. 7, the overall pattern of results
revealed that there were both consonant-based and vow-
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Fig. 7. Experiment 5 results in consonant and vowel condi-
tions. Black bars indicate two-segment-competitor errors, gray
bars indicate one-segment-competitor errors, corresponding
white bars indicate corresponding distractor errors divided by
2. Error bars are standard errors.

el-based confusion errors, but the consonant based ones
were greater. Both two-consonant and one-consonant
competitors were selected more often than distractors
on the same trials, and these error rates (two-segment
and one-segment) were not different from one another.
For vowels, interestingly, only the one-vowel confusion
effect reached significance. These results suggest that
consonant effects were mainly second-syllable-onset
(CVQ) effects, while the vowel effects were first-sylla-
ble-match (VC) effects, with the consonant (second-syl-
lable-onset) effects being greater in magnitude.

A mixed repeated-measures ANOVA with Segment
Type (consonant, vowel), Overlap (two-segment, one-seg-
ment), and Error Type (competitor, distractor) as factors
confirmed the foregoing summary.’ The effect of Error
Type (Fi(1,22)=21.16, p=.0001, Fx(1,72)=21.02,
p <.0001) and the Segment Type x Overlap x Error Type
interaction (F(1,22) =11.84, p =.002, F5(1,72) = 3.99,
p <.05) reached significance. As usual, the Error Type
effect indicated more competitor errors than distractor
errors overall. To examine the interaction, we then ana-
lyzed each Segment Type condition individually.

For the consonant condition, the effect of Error Type
was significant (Fj(1,11) =14.59, p =.003, F5(1,35) =
13.04, p=.0009); both two-segment (z;(11)=4.04,
p=.002, £,(17) =2.77, p=.01) and one-segment com-
petitor effects (7,(11) =2.47, p=.03, 1(18)=24,
p = .03) were significant. The Overlap x Error Type inter-
action only reached significance by participants (F;(1,11)
=747, p=.02, F5(1,35)=1.94, p = .17). That is, two-

° In Experiments 5 and 6, a small number of test trials (3 in
the consonant condition, 1 in the vowel condition) were
eliminated from the analyses because two identical distractor
items appeared, changing the probability that each would be
chosen.

consonant-matched items and one-consonant-matched
items were confused with one another, with the two-con-
sonant effect being numerically greater.

For the vowel condition, Error Type was significant
(Fi(1,11)=6.61, p=.03, F5(1,37)=9.06, p=.005),
but the Overlap x Error Type interaction was not
(Fi(1,11) =4.75, p=.052, F5(1,37)=3.01, p=.09).
However, only one-segment errors exceeded chance
(1(11) =2.58, p = .03, 1,(19) = 3.43, p =.003). In con-
trast, the competitor—distractor difference for two-seg-
ment errors missed significance (¢,(11) = 2.15, p = .055,
t,(18) = .88, p =.39), though in the correct direction.
An important fact here is that double-vowel confusions
do not exceed single-vowel confusions, indicating that
initial-vowel similarity was sufficient to drive confusions
(i.e., the second vowel apparently did not increase
similarity).

The results do not unequivocally support the hypoth-
esis that word-initial position is necessary for a segment
type to elicit confusions. On the one hand, consonant
confusion effects are still present. On the other hand, a
vowel effect is present, if only weakly so. In addition,
the fact that initial cohort confusions with vowels, which
are robust when words begin with consonants, did not
exceed confusions of words mismatched at onset (two-
consonant-matched), provides further support for the
importance of consonants.

Despite the fact that the present results suggest a
reduced weight for vowel information, even when vowels
begin every word in the artificial lexicon, two other fac-
tors may be important. First, as in Experiment 4, it is
possible that with additional exposure, any effects of
English (where consonants begin most words) would
be reduced or eliminated, thereby revealing a robust
up-weighting of vowel information. Second, while vow-
els in the present experiment were word-initial, the sec-
ond vowel was always in syllable-medial position,
unlike the consonants in Experiments 3 and 4. This is
because in English phonology, generally speaking, a
VCVC word is syllabified as V.CVC, whereas a CVCV
word is syllabified as CV.CV (though see the General
Discussion). Thus the consonant advantage might be a
syllable-initial advantage rather than a word-initial
advantage.

Experiment 6

In this final experiment, we explore whether the locus
of the consonant confusion effect is at syllable onset. It is
not possible within the English phonological system to
create two-syllable words in which the second vowel
would be unambiguously perceived as the onset of the
second syllable. However, it is possible to create two-syl-
lable words where the first disambiguating element in
each syllable is a vowel, by giving the words a VC[C]VC
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structure (e.g., by inserting a single segment—here, /f/—
after the first consonant of a VCVC). This forces each
word to syllabify as VC.[CJVC.' Thus, we created
two-vowel items that are matched at syllable onset using
this VC[C]VC structure. If previous consonant effects
were due to their syllable-initial position, vowel-initial
effects should emerge in the present artificial lexicon.

Method

Participants

Twelve University of Rochester undergraduates were
randomly assigned to the consonant similarity condition
and 12 to the vowel similarity condition, and were paid
$30 per participant for three 30 to 40-min sessions on
consecutive days. None reported any history of hearing
difficulties, and none was tested in Experiments 1-5.

Materials

The 40 novel words were VC[C]VC in structure (see
Appendix A). Words were identical to those in Experi-
ment 5, except that a non-informative consonant /f/
(notated [C]) was inserted into each word after the first
consonant, to force the syllabification VC.[C]VC, caus-
ing all vowel-matched words to be identical at their syl-
lable onsets. We selected the segment /f/ for a number of
reasons. First, it was not contained within the set of con-
sonants from the Experiment 5 stimuli, which we hoped
to modify only minimally for maximum comparability.
Second, it does not participate in many onset clusters
in English, none of which occurred in our stimuli. More-
over, it participates in only one onset cluster as the sec-
ond element, (/s/, as in /sfir/). It also occurs in relatively
few coda clusters (only /mf/ in our set) in English pho-
nology. By using this segment, we changed the syllabifi-
cation of the first consonant in the Experiment 5 stimuli

19 To document how our participants were assigning the first

consonant to a given syllable, we conducted a control exper-
iment in which participants listened to the words from
Experiments 5 and 6 and pronounced these VCVC or VCfVC
stimuli with a break in between syllables. Productions were
scored by a naive rater according to the assignment of the first
consonant to the syllable containing the preceding vowel or the
syllable containing the following vowel. For VCVC stimuli,
90% of the first consonants were assigned to the syllable
containing the second vowel (CVC); another 4% were ambisyl-
labic, and only 3% were assigned solely to the syllable
containing the preceding vowel (the remaining 3% were
indeterminate). For VCfVC stimuli, 94% grouped the first
consonant with the first vowel and treated the fVC as a syllable
(the remaining 6% were indeterminate). These results suggest
that learners in Experiment 5 placed the syllable boundary
between the first vowel and the first consonant, making it an
onset-consonant, while the learners in Experiment 6 placed the
syllable boundary after the first consonant, making it a coda-
consonant.

such that now the informative consonants were all sylla-
ble-final, while the first informative element in each syl-
lable was a vowel.

In the consonant similarity condition, 10 pairs of
words shared the first and third consonants (opfan,
upfein), while 10 other pairs of words shared the first
consonant. In a complementary vowel similarity condi-
tion, 10 pairs of words shared two vowels (umfeis,
upfeib), while 10 pairs of words shared the first vowel.
All stimuli were generated synthetically as in the previ-
ous five experiments.

Learning and test
The learning and test phases were in all respects iden-
tical to that of the preceding experiments.

Results and discussion

As shown in Fig. 8, the overall pattern of results sug-
gested for the first time in this series of experiments that
vowel confusion effects were substantially larger than
consonant confusion effects. However, this vowel effect
only surfaced in the two-vowel case and not in the
one-vowel case, suggesting that the two-vowel-matched
competitors were more confusable than the one-vowel-
matched competitors.

A mixed repeated-measures ANOVA with Segment
Type (consonant, vowel), Overlap (two-segment, one-
segment), and Error Type (competitor, distractor) as
factors confirmed the foregoing summary. The effect of
Error Type was significant (F(1,22) =8.83, p =.007,
F5(1,72) = 10.57, p = .002), indicating more competitor
errors than distractor errors overall. Also significant
were the interactions of Segment Type x Overlap (Fi(1,
22)=5.71, p=.03, F5(1,72) = 6.53, p = .01), Overlap x
Error Type (F1(1,22) =9.05, p =.007, F5(1,72) =5.29,

30%
HTwo-segment competitor
OUnrelated distractor
25% 1+ [One-segment competitor
OUnrelated distractor
20%
=
e
iy
£ 15% T
@
e
ﬂ}
a
10% +
5%
0% + T

Consonant Vowel

Fig. 8. Experiment 6 results in consonant and vowel condi-
tions. Black bars indicate two-segment-competitor errors, gray
bars indicate one-segment-competitor errors, corresponding
white bars indicate corresponding distractor errors divided by
2. Error bars are standard errors.
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p=.02), and Segment Type x Overlap x Error Type
(F1(1,22) = 14.31, p=.001, Fx(1,72)=9.71, p =.003).
This last interaction was clarified by the individual Seg-
ment Type condition analyses.

For the consonant condition, no effects approached
significance, indicating the absence of detectable confu-
sion effects. Overlap (F(1,11) = .90, p = .36; F»(1,35) =
1.41, p=.24), Error Type (Fi(1,11)=.56, p= 47,
F5(1,35) = .20, p =.66), and the Overlap x Error Type
interaction (Fy(1,11)=.85, p=.38; F5(1,35)=.38,
p = .54) were all nonsignificant.

However, for the vowel condition, Overlap (£(1,11)
=49, p<.05 Fx1,37)=15.59, p=.02), Error Type
(Fy(1,11) =10.01, p = .009, F5(1,37) = 15.79, p = .0003),
and the Overlap X Error Type interaction (Fi(1,11)=
14.0, p = .003, F»(1,37) = 13.28, p = .0008) were all sig-
nificant. The Overlap effect indicated more errors
overall in the two-vowel-matched trials, while the Error
Type effect indicated more competitor than distractor
errors. The interaction of Overlap x Error Type was
brought about by the fact that only for two-segment-
matched words did competitor errors exceed distractor
errors (¢1(11) = 3.67, p = .004, 1,(18) =4.58, p = .0002),
with no differences for one-segment-matched words
(t1(11) =48, p=.64, 1,(18)=.29, p=.78). Thus,
unlike the preceding experiment, a match on two vowels
was substantially more confusing than a match on one
vowel.

These results provide the first evidence of a robust
vowel-confusion effect. It appears that the beginnings
of syllables, whether C_C_ or V_fV_, are strongly
weighted in newly learned lexical representations, at
least when all words have the same syllabic template.
Moreover, the consonant effect observed in all of the
previous experiments is absent in the present experi-
ment, suggesting that whatever consonant weighting
is due to exposure to English can be reduced substan-
tially after only 90 to 120 min of exposure. It should
be noted that this apparent down-weighting of conso-
nants may be due to the fact that coda consonants
are restricted in their distributions, both in English
and cross-linguistically (cf., Ladefoged, 2004), relative
to onset consonants. That is, coda consonants are less
informative as to word identity because they constitute
a smaller set, and they thus discriminate between fewer
alternatives than the larger set of onset consonants.
Perhaps an even more likely explanation is that coda
consonants are less well perceived than onset conso-
nants (Horii et al., 1970; Redford & Diehl, 1999), mak-
ing them a less reliable source of information for
discriminating among lexical alternatives. This is true,
for instance, in the case of speech embedded in noise,
where consonants become more difficult to perceive
(Horii et al., 1970; Johnson, 2000), with confusions
retaining (reliable) vowel content while erroneously
substituting consonantal content.

Interestingly, the vowel confusion effect is equivalent
in magnitude to the comparable consonant confusion
effect in Experiment 3. These experiments were struc-
tured identically in terms of numbers of neighbors for
each word (see Footnote 6), numbers of consonants
and vowels used, and the task employed; the only differ-
ence was that consonants occupied syllable-initial posi-
tion in Experiment 3 whereas vowels did in
Experiment 6. Accordingly, we compared the consonant
condition from Experiment 3 with the vowel condition
in Experiment 6 in a repeated-measures ANOVA with
Segment Type, Overlap, and Error Type as factors.
There were no interactions of Experiment with any other
factors (p = .57). This suggests that differences between
competitor and distractor confusion rates were roughly
equivalent whether words shared two syllable-initial
consonants or two syllable-initial vowels. There was also
a strong main effect of Segment Type (F,(1,22) = 13.63,
p =.001; F5(1,51) =35.11, p <.0001), with more errors
overall for the matched-vowel subjects. This overall ele-
vation of error rates may betray an underlying conso-
nant-confusion effect — all words in Experiment 6
shared a single syllable-initial consonant (/f/) — or sim-
ply a greater difficulty in learning words that are some-
what atypical in their (roughly) vowel-initial syllables.
We address this further in the General Discussion.'!

General discussion

In this series of studies we have made several interest-
ing discoveries regarding how segment type and order
affect the organization of a partially learned novel lexi-
con. First, we found that incompletely learned cohort
(onset) competitors were more often confused (Experi-
ment 1) than incompletely learned rhyme (offset) com-
petitors (Experiment 2), with cohort confusions far
exceeding rhyme confusions, even though both cohorts
and rhymes differed from one another by a single (final

' It has been suggested that the results we interpret as lexical

confusions are actually confusions at the perceptual level.
Accordingly, we asked 16 participants to judge whether two
stimuli were the same or different, using pairs from Experiment
6. Half heard the words from the vowel condition, the other
half from the consonant condition. Sometimes, the pair shared
vowels (or consonants), and sometimes it did not. For the
shared-C and shared-V pairs, percentage correct detections of a
difference for items sharing two segments were 100% and 98.3%,
respectively. Overall percentages correct for pairs of items that
shared or did not share Cs or Vs were 99.9% and 96.9%,
respectively. Neither of these results differed significantly by
shared-segment type, nor did they differ from 100% correct.
These results indicate that participants had little difficulty
differentiating items that shared vowel or consonant pairs.
Thus, it is unlikely that perceptual-level confusions contributed
to our error data.
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or initial) segment. This result suggests that the temporal
unfolding of a word is important for accessing partially
learned lexical entries, not just for the on-line processing
of well-learned words. Second, shared consonants in
word- and syllable-initial position yielded reliable confu-
sion effects, while vowels in CVCV words did not
(Experiments 3 and 4), even when vowels outnumbered
consonants, making them more informative as to word
identity (Experiment 4). Third, creating VCVC words
in which consonants no longer appear in their canonical
word-initial position does not substantially elevate vow-
el confusions (Experiment 5). Finally, words that share
vowels are strongly confused (and words that share con-
sonants are not) if all syllables containing vowels are
matched at their beginnings (onset + nucleus; Experi-
ment 6).

Our results suggest that partially learned lexical
entries may be qualitatively similar to well-learned lexi-
cal entries. We found strong cohort effects and weak
rhyme effects, reflective of the lexical processing litera-
ture, even when errors were used as the dependent mea-
sure. Thus, for adults, in a task with a familiar phonetics
and phonology, lexical access for novel words and lexi-
cal access for well-learned words seem to utilize similar
lexical representations. Our findings may also be appli-
cable to vocabulary acquisition during development,
insofar as the native phonological system typically solid-
ifies well before vocabulary acquisition reaches asymp-
totic levels. Thus it will be important to conduct
comparable studies with infants and young children.
Importantly, our results using a non-time-dependent
task mirror those found in time-locked (eye movements)
or speeded (lexical decision) tasks.

The overall pattern of results from our experiments
suggests that lexical organization is strongly onset-bi-
ased. However, our data indicate that the onsets that lis-
teners seem biased to weight strongly in lexical
representation are syllable onsets, rather than just word
onsets. In practice, this syllable-onset bias typically
involves consonant information because that is the pre-
vailing informational structure of English and many
other natural languages. However, as we saw in Experi-
ment 6, when syllables are consistently vowel-initial, the
syllable onset-bias can switch to match this new infor-
mation structure to some extent. Taken together, these
results hint that lexical representations reflect knowledge
of the distributional properties of English, in that cohort
effects are the result of both consonant and onset biases
given the prevalence of consonant-initial words, while
rhyme effects are weaker because competitors are easily
distinguished by their consonants.

Why this onset bias exists remains an interesting
question for future research. There are several related
possibilities. Some explanations are informational in
nature, while others are acoustic. It could be, for
instance, that elements with temporal primacy (i.e.,

onset consonants) allow for the most rapid information
acquisition. Another possibility is that later information
(nucleus, coda) is less informative because there are few-
er alternatives, leading to on onset bias in word recogni-
tion. A more acoustic variant of this hypothesis is that
later information (vowels, final consonants) is overall
less discriminable acoustically, leading to fewer alterna-
tives because a smaller set of alternatives can be discrim-
inated from one another. From an auditory perception
standpoint, some argue that it is the case that syllables
are the primary objects of speech perception (Mehler,
Dommergues, Frauenfelder, & Segui, 1981). More
recent work, however, suggests that the average amount
of information coming from a single source is a more
important predictor of successful word perception (Sam-
uel, 1991): alternating the signal between ears at syllable
boundaries versus in mid-syllable did not improve intel-
ligibility in a signal-alternation task. Note that alternat-
ing in mid-syllable keeps syllable onsets in the same ear.
Consistent with this possibility, originally raised by
Samuel, Content, Kearns, and Frauenfelder (2001)
argue based on experiments with syllabification word
games in French that syllable onsets are easily detected
while offsets are not, and thus onsets constitute sensible
points at which to initiate lexical access.

These results also have important implications for sim-
ilarity metrics used in models of lexical neighborhoods.
Consider again the two metrics discussed by Luce and
Pisoni (1998): the one-segment shortcut rule and the
graded Neighbor Word Probability rule. First, while the
one-segment rule for defining a word’s neighbors may be
a useful heuristic for determining neighborhood size, it
is inadequate to explain our lexical confusion effects:
many confused words (Experiments 3-6) differed by two
segments. Too, it does not predict that cohorts differing
by one segment (Experiment 1) are more lexically confus-
able than rhymes that also differ by one segment (Experi-
ment 2). The graded rule may be a more accurate metric of
neighborhood structure (but see Bailey and Hahn, 2005;
for evidence against it). As Magnuson et al. (2003) note,
such a rule would need to take into account order effects:
our findings clearly indicate that not all segment positions
contribute equally to lexical confusability.

It may also be the case that the graded rule is less
generalizable speech that is not embedded in noise: our
results suggest that syllable-initial segments may be
better indicators of lexical identity, but the graded sim-
ilarity measure is based on segment confusions from
noise-embedded syllables, and this may tend to overem-
phasize the confusability of consonants (see Footnote 1).
Bailey and Hahn (2005) showed that theoretically moti-
vated feature-based models of word similarity predict
lexical confusions much better than do empirical mea-
sures, including Luce’s (1986) confusion data used to
calculate Neighbor Word Probability. In addition to
this, our results suggest that syllable position should
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be accounted for in a model of similarity. Bailey and
Hahn’s work is useful in that it provides an easily
interpreted set of metrics that can be tested against
(and possibly refined by) carefully designed stimulus sets
that consider segment type and syllable position.

Perhaps the most interesting finding from our series
of experiments was that words sharing syllable-initial
consonants were more readily confusable than words
sharing nuclear vowels, while words sharing syllable-ini-
tial vowels were more confusable than words sharing
coda consonants. The most important fact here is that
the strongest influence on word confusions is a match
at the beginning of a syllable. Thus, segment type may
not be the critical factor, but rather where the segment
tends to occur in a syllable.

On the other hand, one piece of evidence argues for a
particularly strong role for consonants, in line with Van
Ooijen and colleagues (Cutler et al., 2000; Marks et al.,
2002; Van Ooijen, 1996). If one takes into account the
fact that there was only one syllable-initial consonant
(f) in the entire set of words in the syllable-initial vowel
study (Experiment 6), one might conclude that the
heightened error rate found in this Experiment was
due to massive syllable-onset-consonant confusions,
despite the noticeable vowel confusions that were also
present. On the other hand, this might be due to the fact
that listeners know relatively fewer words that are dis-
ambiguated primarily by their vowels (i.e., those words
are phonotactically improbable), and these are thus
harder to learn overall, with the confusion effect still
being equal in magnitude to the consonant-confusion
effect. Alternately, vowels might be weighted less strong-
ly for listeners prior to experimental exposure because,
in English (as well as most other languages), consonant
information is generally word- and syllable-initial, and
this more rapidly available information may therefore
become more heavily weighted over a lifetime of expo-
sure than vowel information, which becomes available
later in the syllable. Thus, the words may simply have
been more difficult to learn due to language experience
outside the lab.

Other explanations for differences in consonant vs.
vowel effects can be ruled out. In Experiment 4, we
excluded within-set segment number as a factor, showing
that even when vowels outnumber syllable-initial conso-
nants, they do not generate more vowel-based confu-
sions. These results are consistent with the Cutler et al.
(2000) finding that word reconstruction effects were no
stronger in Castilian Spanish—with 5 vowels and 20 con-
sonants—than in British English, with 17 vowels and 24
consonants (Maddieson, 1984). Another concern was
that dialectal variation in English tends to be vowel-
based, and thus vowels as cues might be less useful for
word identity specifically in English. But again, Cutler
et al. showed that effects surfaced in Dutch and Castilian
Spanish, both of which have primarily consonantal vari-

ation in dialect. More obviously, we found strong vowel
effects when vowels were the first element to identify a syl-
lable. Lastly, it could be objected that our use of synthe-
sized speech might not generalize to natural language.
However, several facts argue against this: we obtained
results consistent with the lexical processing literature;
van Ooijen and colleagues found related effects using nat-
ural speech; we obtained confusion effects for both seg-
ment types, which would not be the case if, for instance,
one segment type were more (randomly or contextually)
variable in our synthesized speech than in natural speech.

Finally, the present findings may have implications
for lexical development. As mentioned earlier, children’s
lexicons may well be organized in the same manner as
our artificial lexicons in adults; that is, after the phonol-
ogy of the language has been well established. However,
in other respects, the weak vowel-confusion results in
Experiments 3 and 4 are not entirely consistent with
related developmental work. Vowels are more acousti-
cally salient, and many researchers (Johnson, 2000;
Kuhl, 1983; Werker & Tees, 1984, 1999) believe that
vowel categories develop earlier than consonant catego-
ries. Thus it is possible that infants might perform very
differently on our task than older learners. It may be that
language development entails attending to information
that is more reliable but less acoustically salient. The
exact time course of any such age-based re-weighting
of cues in representation remains an open question.

Conclusion

We have demonstrated clear similarities between lex-
ical confusions in a relatively new artificial lexicon par-
adigm and lexical activation during on-line spoken
word recognition paradigms. These similarities are
somewhat surprising because our referent selection task
is not typically viewed as a time-dependent task, whereas
the eye movements taken to indicate lexical activation in
fluent speech clearly tap on-line processing. We also
have uncovered asymmetries in the relative weightings
of segment types, and segment positions, in lexical iden-
tity. Given our results, it is interesting to consider the
varying conditions under which lexical access occurs.
Lexical access must be quite flexible if it is able to func-
tion, e.g., in high noise environments, in which case vow-
el information becomes predominant.12 Nonetheless, it

12 Creel, Aslin, and Tanenhaus (2005) taught listeners CVCV
words with same-vowel and same-consonant competitors,
either in noise or in the clear. Learners made more same-vowel
confusions when learning and test were conducted in noise than
when learning and test were noise-free, while overall error rates
for both listening conditions were comparable. This suggested
that listeners were weighting the more acoustically robust
vowels more evenly with consonants in the noise condition.
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seems clear that both early and mature lexical access are
optimized to take advantage of the most reliable and
fastest cues, though these vary across numerous situa-
tions. Now it is a matter of interest to uncover what sit-
uations take advantage of what cues, which will
doubtless require an examination of the complex inter-
play between acoustic salience and acoustic differentia-
bility in the formation of lexical representations.
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Appendix A

Experiment 1

bamo bami
tuzi tuzet
gopa gopu
seido seida
nike1 niku
pigu piga
kobi kobu
deisa dersi
mutet muto
zano zanel
betka gido
tibet nupet
sogi peizo
kanu duma
maso zoti
dipo sumet
geina pota
taki zugel
meibo nasu
bodi kizu
Experiment 2

nado gado
suka buka
beizu neizu
goti poti
pimel simel
tipu mipu
zeisa deisa
doge1 togel
kani zani
mubo kubo
bomu zoba
dane1 padu
gipa kizo
nugi tuker
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Appendix A. (continued)
seito meisi
te1so geizi
pubi duter
sapel manu
bida zimo
noku koga
Experiment 3
CcC A\AY%
pona punet nasi tagi
doze1 duzo musel pubei
moki metka tizo mino
sobu seibi bopu kogu
gitu geito keita seina
pino peinu padi zapi
diza dazi guket nutel
mikel maku diko gibo
suba sabo sozu domu
guti gatel zeida beima
C \%
Zupo zosi dader kanu
bopa buma busa tudo
nodu neisa niba simi
teipi tomet goza pomo
kapu kiso derper neini
zimu zeigu gapo saka
bida bago zuti kubu
nami niget zigel bitu
tuder tasel mozel toki
keido kugi meigo peisu
Experiment 4
CC \'AY
baUsaidz baseds gaseds pabeds
gupaids gaUpeids tibai d3 pigaidz
pugeds p1gaids gobids topids
sataidsz saUtoids boigeids paoiteids
tubaids tabeids gupaldsz pusaldsz
bisoidz bisods bateds sapeds
gipaids gipeds gitaids bipaids
pigeids pagodz bosids sogidz
siteids sutods sotbeids toiseids
tibedsz taUbods tugaldsz sutalds
C A%
berpalidz bobidz taUgads salguds
gortads gogids paitadsz baigods
poibidz popalidz gebidz besoidz
so1guds se1pid3 peigoids beipuds
toitids tesids bitidz p1boidz
baitids bogadz paUsodz gaUpadz
gaisudz gebadz saitudsz taisidz

(continued on next page)
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C \Y
petudz peisudz sebads tepuds
saisald3 sebalid3z tetbodsz geisids
taigads teipids gitads sipods
Experiment 5
CC A\AY

opan upein anis atig
odeiz udoz umeis upetb
omik eimak itoz imon
osub eisib obup okug
igut eigot eikat elsan
ipon elpun apid azip
idaz adiz ugeik uneit
imeik amuk idok igob
usab asob osuz odum
ugit ageit eizad eibam

C \%
uzop ozis adeid akun
obap ubam ubas utod
onud einas inab isim
eitip oteim ogaz opom
akup ikos eideip emnin
izum eizug agop asak
ibad abog uzit ukub
anim ineig izelg ibut
uteid atets omeiz otik
eikod ukig eimog elpus
Experiment 6

CcC \A%

opfan upfein anfis atfig
odfeiz udfoz umfeis upfeib
omfik eimfak iftoz imfon
osfub eisfib obfup okfug
igfut eigfot eikfat eisfan
ipfon eipfun apfid azfip
idfaz adfiz ugfeik unfert
imfeik amfuk idfok igfob
usfab asfob osfuz odfum
ugfit agfeit eizfad eibfam

C A%
uzfop ozfis adfeid akfun
obfap ubfam ubfas utfod
onfud einfas infab isfim
eitfip otfeim ogfaz opfom
akfup ikfos eidferp einfin
izfum eizfug agfop asfak
ibfad abfog uzfit ukfub
anfim infeig izfeig ibfut
utferd atfes omfeiz otfik
eikfod ukfig eimfog eipfus
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