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a b s t r a c t

Theories of spoken production have not specifically addressed whether the phonemes of a
word compete with each other for selection during phonological encoding (e.g., whether /t/
competes with /k/ in cat). Spoken production theories were evaluated and found to fall into
three classes, theories positing (1) no competition, (2) competition among phonemes
within the same syllable position, and (3) competition among all phonemes in a word.
These predictions were tested by examining the effect of within-word phoneme similarity
on oral reading reaction times using mixed-effects regression. Subjects took longer to begin
uttering words containing similar phonemes than with dissimilar phonemes. This was true
for consonant pairs in the onset, in the onset and coda, and in the onset and suffix. The
results are most compatible with theories allowing all phonemes in a word to compete
with each other. The possible relationship between these results and cross-linguistic
patterns are also discussed.

� 2012 Elsevier Inc. All rights reserved.

Introduction

Competition plays a central role in many contemporary
theories of language processing, providing the basic
mechanism through which linguistic representations are
selected during processing. Theories incorporating compe-
tition-based selection have been extremely successful in
accounting for error data as well as reaction time patterns
in both comprehension and production. Within this frame-
work, speech errors result when competing units receive
too much activation as a result of transient noise or—in
the case of brain damage—damaged long-term connections
and/or inhibitory mechanisms (e.g., Cohen & Dehaene,
1998; Dell, 1984, 1986; Dell, Burger, & Svec, 1997; Dell,
Schwartz, Martin, Saffran, & Gagnon, 1997; Hillis, Boatman,
Hart, & Gordon, 1999). The fact that subjects are slower to
produce a word and/or syllable after having just produced
a phonologically similar word or syllable has been ex-
plained by assuming that the selection process becomes

more difficult with increased competition: phonologically
similar segments compete strongly for selection (perhaps
inhibiting each other), slowing the selection process
(Meyer & Gordon, 1985; Sevald & Dell, 1994; Yaniv, Meyer,
Gordon, Huff, & Sevald, 1990). Competition thus provides
theories of spoken production a means for selection that
parsimoniously accounts for error and reaction time pat-
terns in normal and disordered speech (though see Miozzo
and Caramazza (2003) and Janssen and Caramazza (2011)
for challenges to activation-based theories of lexical selec-
tion and Roelofs (1997) and Levelt, Roelofs, and Meyer
(1999) for alternate theories).

A variety of evidence indicates that phonemes from
different words in an utterance compete with each other
during phonological encoding, the stage of processing
where phonemes are selected and bound to syllable frames
for production. The primary evidence is that speakers often
make substitution, movement, and exchange errors involv-
ing phonemes from different words in an utterance (big
cat ? [kI bæt]; Fromkin, 1971; Garrett, 1975; MacKay,
1970; Meringer & Mayer, 1895; Stemberger, 1982). Reac-
tion time and error data from the controlled production
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of multi-word utterances also point to between-word com-
petition (Baars, Motley, & MacKay, 1975; Butterworth &
Whittaker, 1980; Levitt & Healy, 1985; Meyer & Gordon,
1985; Motley & Baars, 1975; Sevald & Dell, 1994; Yaniv
et al., 1990). Theories of spoken production have accounted
for these results by assuming that during planning, all of
the words in an utterance receive some activation, typi-
cally in proportion to their order in the utterance (Burgess
& Hitch, 1992; Dell, 1986; Hartley & Houghton, 1996). This
activation cascades to the phoneme level, causing pho-
nemes from upcoming words to compete with phonemes
from the word currently being planned.

One issue that has yet to be substantively addressed
by theories of spoken production is the extent to which
phonemes within a word compete with each other for
selection during phonological encoding. Put simply, when
planning the word cat, does /t/ compete with /k/ for
selection? To what extent do the phonemes in a word
influence how the other phonemes in the word are pro-
cessed? The only evidence in the literature that directly
bears on this issue appears to be the existence of with-
in-word speech errors (e.g., teach ? [�i�]) which occur a
relatively small but consistent proportion of the time in
neurologically intact individuals (Stemberger, 1982;
Vousden, Brown, & Harley, 2000) and somewhat more
frequently in brain-damaged individuals (Romani, Gall-
uzzi, Bureca, & Olson, 2011). These errors appear to sug-
gest that within-word competition is possible but
unfortunately given their relative rarity, they do not pro-
vide much information about which consonants may
compete nor whether this competition is a normal or
exceptional part of processing.

A brief review of spoken production theories will now
be presented relating to the predictions that they make
concerning phoneme competition within the word. Theo-
ries of phonological encoding span a spectrum from theo-
ries positing unrestricted interaction within the word to
theories positing restricted interaction, to theories positing
no interaction whatsoever.

Unrestricted interaction theories

At one end of the continuum, phonological encoding
may involve processes that allow all of the phonemes in
a word to interact with each other during processing. A
variety of theories of spoken production and working
memory allow all of the phonemes of a word to compete
with each other for selection (Dell, Burger et al., 1997;
Estes, 1972; Houghton, 1990; Meyer, 1991; Roelofs,
1996; Romani et al., 2011; Vousden et al., 2000; see also
Houghton, Glasspool, and Shallice (1994) and Rumelhart
and Norman (1982) for structurally similar theories of
spelling). In these theories, all of the phonemes in a word
simultaneously receive activation from the lexical
(or ‘plan’) unit. In these theories, the activation that each
phoneme receives is proportional to its order in the word,
decreasing from the start to the end (Dell, Burger & Svec,
1997; Estes, 1972; Houghton, 1990; Houghton et al.,
1994; Rumelhart & Norman, 1982) or being simulta-
neously related to the phoneme’s linear order and syllabic

position (e.g., Vousden et al., 2000). This creates an order-
based activation gradient across the phonemes.1

In all of these theories, phoneme selection is a serial
process. In the theories that utilize an activation gradient,
the most highly activated phoneme is selected on each
timestep and is then inhibited using various mechanisms
such as self-inhibition (Estes, 1972) or inhibition at the le-
vel of a competitive filter (Houghton, 1990). In the theories
of Meyer (1991) and Roelofs (1996), selection proceeds
serially according to syllable position (onset ? rhyme) in
order to account for experimental evidence that onset pho-
nemes are bound to syllable frames before rhyme pho-
nemes (Meyer, 1991).

Since these theories posit that all of a word’s phonemes
simultaneously receive activation from the lexical node,
and since there are no restrictions on how phonemes are
selected, they predict that all phonemes within a word
compete with each other for selection. This means that
phonemes in onset clusters compete with each other
(e.g., blast), phonemes in coda clusters compete with each
other (e.g., blast) and onset and coda phonemes compete
with each other (e.g., blast). In theory, vowels may even
compete with consonants. Additionally, Roelofs (1996)
proposes that non-root phonemes receive activation
simultaneously with root phonemes, extending these pre-
dictions to multimorphemic words. These theories thus
represent one extreme of the continuum in that all of a
word’s phonemes interact with each other during phono-
logical encoding.

Positionally-constrained interaction theories

A midpoint along the continuum are theories of phono-
logical encoding that posit interaction among some but not
all phonemes in a word. Interaction could be limited in a
variety of ways, for example by restricting it to those pho-
nemes within the same morpheme, the same syllable, or
the same syllable position. In the spoken production liter-
ature, restricting interaction to a single syllable position
appears to be the most common type of restricted interac-
tion theory (Dell, 1984, 1986, 1988; Dell, Schwartz et al.,
1997; Hartley & Houghton, 1996; Sevald & Dell, 1994).
These theories were developed to account for the fact that
phonological encoding is subject to a variety of serial-order
constraints that are evident in patterns of speech errors.
Speech errors typically involve phonemes from the same
position in the syllable (the ‘Syllable Position Constraint’;
MacKay, 1970; Shattuck-Hufnagel, 1983; Stemberger,
1982; Vousden et al., 2000), and infrequently violate pho-
notactic constraints (Abd-El-Jawad & Abu-Salim, 1987;
MacKay, 1972; Stemberger, 1983; Vousden et al., 2000;
Wan & Jaeger, 1998). Furthermore, as Meyer (1991) noted,
onset phonemes appear to be selected before rhyme

1 It should be noted that the theory of Romani and colleagues differs
from the others in that it deals primarily with the structure of phonological
representations and does not specify a mechanism by which phonemes are
activated or selected (see Romani et al., 2011:183). As such, specific
predictions about activation have not been made. This theory does predict,
however, that all of the phonemes of a word (at least all of the consonants)
interact with each other, and thus may be categorized as an unrestricted
interaction theory.
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phonemes. To account for these effects, these theories pro-
pose that the activation and selection of phonemes is
tightly controlled and as a result, phonological encoding
takes place with less within-word competition/interaction
than the previous theories.

In Hartley and Houghton’s (1996) theory, phonemes be-
come activated sequentially according to their position
within the syllable. When a word is to be produced, a
word-specific Onset unit becomes active that sends activa-
tion to the consonant(s) in the word’s onset. The most
highly activated phonemes are then selected for produc-
tion. Following the selection of the onset phonemes, a
word-specific Rhyme unit becomes active that sends acti-
vation to the phonemes in the word’s nucleus and coda
and a similar selection process then takes place.

Although this theory is similar to Meyer (1991) and
Roelofs (1996) in that it assumes that selection takes place
serially by onset/rhyme syllable position, it differs from
them in a critical respect. While Meyer (1991) and Roelofs
(1996) assume that all phonemes are activated in parallel
and then selected by syllable position, Hartley and Hough-
ton (1996) assume that phonemes are both activated and
selected by syllable position. Since rhyme phonemes are
activated at a different point in time from onset phonemes
(specifically, only after onset phonemes have been se-
lected), onset and coda phonemes do not compete with
each other for selection. However, since phonemes are
activated one syllable position at a time, this theory pre-
dicts that competition may occur among phonemes within
the same syllable position (e.g., /b/-Onset may compete
with /l/-Onset in blast).

The theories proposed by Dell and colleagues (e.g., Dell,
1984, 1986, 1988; Dell, Schwartz et al., 1997) also assume
limited within-word competition but for a different reason.
In these theories, phonological encoding utilizes position-
specific phoneme and feature units (e.g., cat activates the
phonemes /k/-Onset, /æ/-Nucleus, /t/-Coda). These theo-
ries adopt position-specific units in order account for the
syllable position constraint observed in speech errors.
According to these theories, all of a word’s phonemes
simultaneously receive activation from the lexical node
and a special insertion rule allows only phonemes from
the correct syllabic position to be selected and bound to
each syllable frame slot. This rule means that although
/t/-Coda is active at the same time as /k/-Onset during
the encoding of cat, only the latter can be bound to the
onset position of the syllable frame. Since features are seg-
regated by syllable position as well, phoneme units cannot
influence phonemes from other syllable positions through
connections to shared features (e.g., /k/-Coda activating
/k/-Onset). The theory proposed by Sevald and Dell
(1994) assumes both position-specific phoneme units (like
Dell, 1986) as well as strictly sequential onset/rhyme
activation (like Hartley & Houghton, 1996) and therefore
represents a hybrid of these two positions (see also
O’Seaghdha & Marin, 2000). The theories by Dell and
colleagues thus predict the same pattern of competition
as Hartley and Houghton: only phonemes in the same syl-
lable position may interact and compete with each other.

To summarize, this class of theories predicts that pho-
nemes in different syllable positions do not compete with

each other either because they are activated at distinct
points in time, because they are segregated into distinct
classes, or both. This prediction extends to phonemes in
different morphemes—phonemes in multimorphemic
words may only compete if they are in the same syllable
position. Since phonemes within the same syllable position
may compete with each other, these theories represent an
intermediate position, allowing some but not all intra-
word competition.

Non-interactive theories

Finally, phonological encoding could be accomplished
without any interaction between a word’s phonemes.
This lack of interaction could conceivably arise either be-
cause phoneme selection occurs without competition or
because phoneme selection does not occur in the first
place (e.g., syllables are retrieved from memory with no
on-line assembly). While it appears that all theories of
spoken production involve on-line selection of phonemes
(and thus all involve some amount of assembly), not all
theories propose that the selection process involves com-
petition. In particular, the WEAVER/WEAVER++ theories
of Roelofs (1997) and Levelt et al. (1999) assume that
phoneme selection takes place in the absence of any
competition.

According to these theories, phonological encoding be-
gins when activation spreads from lexical representations
to phoneme representations. Phoneme selection is accom-
plished through the action of a production rule that verifies
that the phoneme is a constituent of the activated lexical
item. In WEAVER and WEAVER++, a phoneme’s production
rule is triggered when the phoneme’s activation surpasses
a particular threshold. Since a phoneme’s activation is not
dependent upon the other phonemes in the word and since
the selection computation involves only the constituency
relationship, the selection process is unaffected by the
other phonemes in the word. As a result, phonological
encoding takes place without any intra-word interaction:
a consonant in the onset of a word will be selected in the
exact same fashion and at the exact same speed, no matter
if it is the only consonant in the word, if it is part of a con-
sonant cluster, or if there are consonants in other syllable
positions.

It should be noted that in principle, the system pro-
posed by Levelt and colleagues could allow competition
among phonemes. If phonemes were to in some way influ-
ence each other’s activation levels, the outcome of phono-
logical encoding and the amount of time required to
encode a word would be a function of the exact way in
which phonemes interact. However, as currently imple-
mented, no such interaction exists. Therefore, these
theories constitute examples of a non-interactive phono-
logical encoding mechanism. This fact is made even clearer
by contrast with the way that these theories accomplish
phonetic encoding, a subsequent stage where motor plans
are selected for production. At this stage of processing, the
speed with which a motor plan is retrieved is assumed to
be a function of the activation of the target motor plan rel-
ative to the activation of all other motor plans (e.g., Roelofs,
1997, p. 259). The more activation a motor plan’s
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competitors receive, the slower the target motor plan is re-
trieved—a clear case of interaction.

The theories of Levelt and colleagues thus assume that
no competition occurs during phonological encoding (plac-
ing them at the opposite end of the continuum from the
unrestricted competition theories). They also propose that
if interaction occurs, it should be among representations
that have received their final articulatory specifications.

Phonological similarity: Predictions by theories of spoken
production

Phoneme similarity has a powerful effect on spoken
production. Spontaneous speech errors most frequently in-
volve sounds that are phonologically similar (Frisch, 1996;
Fromkin, 1971; MacKay, 1970; Nooteboom, 1969; Shat-
tuck-Hufnagel, 1986; Shattuck-Hufnagel & Klatt, 1979;
van den Broecke & Goldstein, 1980; Vousden et al., 2000)
and similarity has been shown to increase the likelihood
of laboratory-induced speech errors (Levitt & Healy,
1985). Phonological priming and tongue twister studies
have also revealed that similar but non-identical sounds
inhibit each other (/up/ – /ub/) relative to dissimilar
sounds (/up/ – /ud/), resulting in slower reaction times
(Butterworth & Whittaker, 1980; Kupin, 1979; MacKay,
1970; Meyer & Gordon, 1985; Sevald & Dell, 1994; Yaniv
et al., 1990). These similarity effects are thought to occur
during phonological encoding both from the fact that
speech errors typically result in discrete sound changes
and that several priming experiments that have explicitly
contrasted encoding vs. articulatory stages of processing
have found similarity effects at encoding stages (Meyer &
Gordon, 1985; Yaniv et al., 1990).

The present study utilizes the inhibitory effect of similar-
ity on reaction times in order to test theories of intra-word
competition. The theories described above make differing
predictions as to where similarity effects should arise. Unre-
stricted interaction theories predict that the similarity of all
phonemes in a word should affect RTs, positionally-con-
strained theories predict that only the similarity of pho-
nemes in the same syllable position should matter, and
non-interactive theories predict that phoneme similarity
should not affect phonological encoding at all.

Present investigation

Study overview

Four studies investigating the effect of phoneme similar-
ity on spoken production reaction times were performed.
Study 1 investigated whether oral reading reaction times
are influenced by the similarity of consonants in the onset
and coda of monosyllabic monomorphemic words (e.g., cat
/kæt/). Similarity was found to have a significant and gradi-
ent inhibitory effect, supporting theories of unrestricted
competition. Study 2 examined the locus and generality of
the similarity effect. In Study 2a, visual lexical decision
reaction times were analyzed to determine if the effect of
onset-coda similarity could be due to phonological
representations generated during orthographic processing.

No effect of similarity was found, indicating that the compe-
tition occurs during spoken production. In Study 2b, oral
picture naming reaction times were analyzed to determine
if the similarity effect is present in non-reading tasks. Signif-
icant effects of onset-coda similarity were found, suggesting
that intra-word phoneme competition is a typical compo-
nent of spoken production.

Study 3 tested the predictions regarding competition
within each syllable position. Significant inhibitory effects
of similarity were found for onset clusters and marginally
significant effects were found for coda clusters, supporting
theories that permit competition. Lastly, Study 4 extended
the investigation of onset-coda competition to multimor-
phemic words, examining whether the similarity of conso-
nants in the root and suffix (e.g., walked [wakt]) affects
reaction times. Significant inhibitory effects were found,
replicating the consonant similarity effects and indicating
that suffix phonemes compete with root phonemes. Further
analyses found that the data were best fit when onset-suffix
similarity was calculated over an underlying form of the
suffix rather than its surface form, indicating that competi-
tion occurs at a relatively abstract stage of processing be-
fore segments have received their final phonetic form.

Methods

The data for the analyses were obtained from two cor-
pora of reaction time data. All studies except for Study 2b
utilized data from the English Lexicon Project (ELP), a mas-
sive, multi-site study that collected oral reading and visual
lexical decision reaction times for over 40,000 words (Balota
et al., 2007). On each trial, a single mono- or multi-morphe-
mic word was presented in uppercase. In the oral reading
experiment, subjects were asked to read the word aloud as
quickly as possible; in the lexical decision experiment, sub-
jects needed to indicate via button-press whether the word
was real or not. The onset of speech was measured automat-
ically by means of a voice key and reaction times thus reflect
the amount of time elapsed from the presentation of the
word to the acoustic onset of speech or the button push;
see Balota et al., 2007 for details on the procedure). Only
correct responses were included in the analysis.

Study 2b utilized oral picture naming reaction time data
from the International Picture Naming Project (IPNP;
Szekely et al., 2004). The IPNP collected reaction times
for pictures depicting 520 objects and 275 actions in seven
languages: American English, German, Mexican Spanish,
Italian, Bulgarian, Hungarian, and the variant of Mandarin
Chinese spoken in Taiwan. In this study, black and white
line drawings were presented one at a time for subjects
to name and naming latency was measured via voice key.
Each picture was named by 50 native speakers of each
language, with the exception of German, for which 30
native speakers were tested. For each picture and language,
a ‘dominant’ name was identified which was defined as the
name used by the most participants. The IPNP provides
average naming latency values and a variety of psycholin-
guistic norms for each dominant name.

In each study presented here, linear mixed-effects mod-
els were used to analyze the data. Models were fit using the
lme4 package (Bates, Maechler, & Dai, 2008) of the statistical
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program R. The procedure for each analysis was the same.
First, log reaction times were fit with a model containing a
set of control variables. These variables, drawn from
Baayen, Feldman, and Schreuder (2006) for Studies 1, 2a, 3
and 4, and Szekely et al. (2005) for Study 2b, have been
shown to influence oral reading/lexical decision reaction
times and picture naming reaction times, respectively, and
are used to control for the various processes involved in
these tasks (see Appendix A). Only words that were in-
cluded in these earlier studies were included in the present
analyses so that the appropriate values for the control vari-
ables could be obtained. In the analyses involving reading
tasks, an additional control variable encoding the visual
similarity of the relevant letters was included (this variable
encoded the similarity of the letters representing the pho-
nemes for which phonological similarity was measured).
This measure utilized the uppercase similarity values from
Boles and Clifford (1989) and was designed to control for
any effects of repeated/similar letters on orthographic
processing (e.g., Schoonbaert & Grainger, 2004).

Once the data were fitted, any data point with a stan-
dardized residual greater than ±2.5 was considered an out-
lier and removed from the data set. Following the removal
of outliers, a model containing the control variables and
variables of interest (e.g., consonant similarity) was fit to
the data and the results were interpreted. In all cases, the
models included random intercepts for both subjects and
items and random slopes for consonant similarity for both
subjects and items.2

In the present analyses, the sign of the consonant simi-
larity predictor was used to determine the direction of the
effect of consonant similarity (facilitatory or inhibitory). In
regression models, beta weight, sign, and standard error
estimates are only reliable when collinearity is minimal.
In most cases, consonant similarity was not collinear with
other predictors in the model. When consonant similarity
was collinear with one or more control variables, the for-
mer was residualized against the latter in order to deter-
mine the unique contribution of consonant similarity
(these cases will be noted in the text). Since it is currently
not possible to directly calculate p-values for fixed-effects
predictors in linear mixed-effects models (see Baayen,
Davidson, & Bates, 2008 for a discussion) and since Markov
chain Monte Carlo simulations (which are typically used to
estimate p-values in such models) have not been defined
for models containing random-effects structure, model
comparison was used to determine predictor significance
in the studies reported here. In these comparisons, a super-
set model containing the control variables and the variable
of interest (consonant similarity) was compared to a model
containing just the control variables. Differences in the
likelihood of nested models approximately follow a v2 dis-
tribution (Agresti, 2002), and so a significant chi-square
test of these models indicates that the variable of interest
significantly improved the fit of the model. Model compar-
isons were used to test the significance of all variables of
interest in the present studies.

In each study, a table is presented reporting the results
of the analysis for each fixed effect in the model. It should
be noted that although consonant similarity was not col-
linear with the control predictors, the control predictors
were sometimes collinear with each other. As a result,
the data in these tables are reliable for consonant similar-
ity but may be unreliable for the other predictors. As such,
the data in the tables are provided to facilitate interpreta-
tion of the models but should not be used to draw conclu-
sions about the control variables.

Finally, in several of the studies reported here, we wish to
know whether one variable performs better than another
(e.g., comparing two measures of similarity). In these cases,
pairwise model comparisons were used, comparing a super-
set model ‘X + Y’ containing both variables to models ‘X’ and
‘Y’ containing each variable individually (all models also
contain the set of control variables). If variable X accounts
for significantly more of the variance than variable Y—indi-
cated by both a) the model ‘X + Y’ having a significantly
greater likelihood than the model ‘Y’ and b) the likelihood
of model ‘X + Y’ not being greater than the model ‘X’—it
can be concluded that variable X is superior to variable Y.

Theories of phonological similarity

Since the present investigation utilizes phonological
similarity to determine whether phonemes compete with
each other, it is important to utilize a definition of similarity
that accurately captures the dimension of similarity rele-
vant to spoken production. Two metrics of similarity have
recently become prominent in the psycholinguistic and
phonological literature: the natural class metric of Frisch
(1996) and colleagues (Frisch, Pierrehumbert, & Broe,
2004) and the feature metric of Bailey and Hahn (2005).
These two metrics are of interest because they have both
had success in accounting for a number of processing phe-
nomena and linguistic behavior. Frisch demonstrated that
natural class similarity predicts certain speech errors in
English (Frisch, 1996), phonotactic acceptability judgments
in Arabic (Frisch & Zawaydeh, 2001), and the gradient
underrepresentation of roots in the Arabic lexicon (Frisch
et al., 2004). Bailey and Hahn (2005) showed that their met-
ric performed just as well if not better than Frisch’s at pre-
dicting English syllable similarity judgments, confusability
data, and certain speech errors.

The Bailey and Hahn metric (referred to here as SBH)
uses four subphonemic features (Place of Articulation,
Manner, Voicing, and Sonority) that take categorical values
(e.g., Place can be specified as ‘labial’, ‘alveolar’, etc.; Man-
ner can be specified as ‘stop’, ‘fricative’, etc.). The similarity
of two phonemes is defined simply as the number of fea-
tures for which the two phonemes have the same value.
SBH values for consonants were obtained from Appendix
B of Bailey and Hahn (2005) and range from 0 to 4.3

2 Since the IPNP provided naming latencies for each word averaged across
all subjects, the model for Study 2b only contained items as random effects.

3 Bailey and Hahn (2005) find that subjects’ similarity judgments are
actually best captured by the dissimilarity of two phonemes (the number of
features which differ between the two) rather than their similarity (the
number of features they have in common). This dissimilarity measure is
calculated as 4 – SBH. Since SBH and 4 – SBH are equivalent in the multiple
regression analyses used in the present investigation, Bailey and Hahn’s
metric will simply be referred to as a similarity metric.
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The Frisch metric (SFRISCH) makes use of a notion that is
related to but different from subphonemic features, which
is the notion of the natural class. A natural class is the set of
phonemes in a language that share a particular feature or
set of features (e.g., the set of voiced phonemes, the set
of voiceless fricatives, etc.). SFRISCH uses natural classes con-
structed from binary phonological features (e.g., [±voice]).
The similarity of two phonemes is defined as the number
of shared natural classes out of the total number of natural
classes. This is defined in (1). SFRISCH was calculated by
computer program using 29 binary features determined
to be appropriate for the English phoneme inventory
(Zuraw, 2006).

Shared natural classes
Shared natural classesþ Nonshared natural classes

ð1Þ

Preliminary analyses using the dataset in Study 1 found
similar results using both metrics. Model comparisons
revealed that SBH accounted for significantly more of the
variance than SFRISCH, however, suggesting that it better
captures the phonological similarity present in the oral
reading task. As such, all of the studies presented here
utilize the Bailey and Hahn (2005) similarity metric. The
similarity of singleton phonemes was calculated simply
using the value given by the SBH metric for that pair (e.g.,
the similarity of the consonants in boat is SBH(/b/,/t/)). For
onset-coda calculations involving consonant clusters,
similarity was calculated by averaging the similarity of
each onset-coda pair. For example, the onset-coda
similarity for blast was calculated by averaging SBH (/b/,
/s/), SBH (/b/,/t/), SBH (/l/,/s/), and SBH (/l/,/t/).

Study 1 Onset-coda similarity in oral reading

All oral reading trials for monomorphemic, monosyl-
labic words containing at least one onset and coda conso-
nant were retrieved from the ELP website.4 Words not
analyzed by Baayen et al. (2006) were excluded so that val-
ues for all the control variables could be obtained. Following
the removal of outliers, the dataset consisted of 48,710 trials
and 1894 word types.

The onset-coda similarity of each word was calculated
using the SBH metric using the procedure described above.
When added to the model, similarity was found to have a
significant inhibitory effect on response times (b = .007;
s.e. = .001; t = 5.6; v2(1) = 30.02, p < .00001). The full range
of similarity (SBH 0–4) was estimated to translate into a
17.6 ms difference in reaction time. Table 1 summarizes
the parameter estimates of the model as well as the corre-
sponding standard errors and t-values.

To ensure that these results were not an artifact of the
averaging procedure used to calculate onset-coda similar-
ity for words with consonant clusters, the procedure was
rerun using only CVC words. Following the removal outli-
ers, the CVC dataset comprised 22,794 trials from 891
word types. Similarity was again found to have a signifi-
cant inhibitory effect (b = .005; s.e. = .001; t = 3.3;
v2(1) = 10.55, p = .001). These results suggest that the con-

sonants in a word’s onset and coda are simultaneously ac-
tive and compete with each other.

A final analysis was carried out to determine whether
the inhibitory effect was related to similarity or was actu-
ally being driven by repeated items. Repeated items have
been shown to increase error rates in short-term memory
tasks (see Henson, 1998 and the references therein;
Jahnke, 1969), spontaneous speech errors (Stemberger,
1983), and spontaneous spelling errors (Hotopf, 1980;
MacKay, 1969). Most accounts of this phenomenon have
accounted for it in terms of response inhibition—items
are deactivated once they’ve been selected in order to
allow other items to be selected and produced. This period
of inhibition (sometimes termed the ‘refractory period’)
makes the processing of repeated items difficult since
more activation is required to select the item a second time
(e.g., Houghton, 1990; Houghton et al., 1994). It should be
noted that some serial order systems that do not involve
refractory periods also have difficulty with repeated items
(e.g., open bigram representations: Schoonbaert & Grain-
ger, 2004; Whitney & Berndt, 1999) and thus many factors
may make repeated items difficult to processes. The ques-
tion at hand is whether the effect of inhibitory effect
observed here is truly related to the phonemes’ similarity
(a gradient property that would affect the processing of
all words) or is simply being driven by repeated phonemes
(a categorical property limited to those words containing
repeated phonemes).

Although there are various ways to examine the issue of
similarity vs. repeated items in regression-based methods
(e.g., coding words for repeated phonemes, testing for a
non-linear effect of similarity), these methods are con-
founded in this task with the fact that words containing re-
peated phonemes will by and large also contain repeated
letters. As such, any effect of phoneme identity could also
be an effect of letter identity. It was decided instead to re-
move all words containing repeated sounds and/or letters
from the dataset and rerun the analysis. Since none of
the remaining words contained identical phonemes or let-
ters, a significant effect in this dataset would indicate that

Table 1
Result summary: coefficient estimates b, standard errors SE(b), and t-values
for all predictors in the Study 1 analysis involving monosyllabic mono-
morphemic words of any length.

Predictor Coeff. b SE(b) t

Intercept 6.3990 0.0175 366.9
InitialSegmentFrication–Frication 0.0498 0.0027 18.0
InitialSegmentFrication–Short �0.0060 0.0034 �1.8
InitialSegmentVoice–Voiceless 0.0198 0.0031 6.4
FrequencyInitialDiphoneSyllable 0.0029 0.0008 3.8
FrequencyInitialDiphoneAll �0.0081 0.0011 �7.7
Consistency PC1 0.0031 0.0006 5.2
Consistency PC2 �0.0040 0.0008 �5.1
Consistency PC3 �0.0019 0.0008 �2.5
LengthInLetters 0.0220 0.0020 11.0
Orthographic Neighborhood Density �0.0013 0.0036 �3.5
Log Root Frequency �0.1390 0.0006 �22.2
Written Spoken Frequency Ratio 0.0035 0.0010 3.5
Inflectional Entropy �0.0111 0.0020 �5.6
Onset-Coda Letter Similarity �0.0048 0.0023 �2.1
Onset-Coda Phoneme Similarity 0.0071 0.0013 5.6

4 http://elexicon.wustl.edu.
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the similarity effect is truly related to the phonological
similarity of the onset and coda consonants. A null result
on this dataset would indicate that the putative effect of
similarity is most likely an inhibitory effect relating to
how words containing repeated sounds/letters are
processed.

Starting with the dataset of all monomorphemic mono-
syllabic words, all words containing repeated phonemes
(e.g., gig, flail, trust) and/or letters (e.g., knock, bomb) were
removed. Following the removal of outliers, this dataset in-
cluded 46,729 trials of 1769 word types. A model contain-
ing onset-coda similarity was fit to the data and a
significant inhibitory effect of similarity was found
(b = .005; s.e. = .001; t = 3.4; v2(1) = 10.86, p = .001).

Summary

A significant inhibitory effect of onset-coda similarity
was found in words containing singleton consonants
(CVC) and consonant clusters (e.g., CCVCC). This effect
was shown to be driven by similarity and was not reduc-
ible to the presence of repeated phonemes. These results
are consistent with theories that allow unrestricted inter-
action among the phonemes of a word and are inconsistent
with positionally-constrained and non-interactive theories
of phonological encoding.

Study 2a Onset-coda similarity in lexical decision

A number of studies have suggested that phonological
representations are automatically generated during ortho-
graphic comprehension (e.g., Meyer, Schvaneveldt, &
Ruddy, 1974; Rubenstein, Lewis, & Rubenstein, 1971).
Since the present investigation is concerned with phono-
logical competition in spoken production, it is essential
to ensure that the similarity effect observed in Study 1
arises during phonological production and not during
orthographic processing. To do so, visual lexical decision
reaction times were analyzed. If phonological similarity
effects arise only in spoken production, they should not
be observed in visual lexical decision reaction times since
the task of making a lexical decision does not require
subjects to prepare a phonological response.

Lexical decision response times were retrieved from the
ELP and only correct word responses were retained. In or-
der to ensure that the comparison to Study 1 was as close
as possible, the same words used in Study 1 were used
here: monomorphemic monosyllabic words of any length.
The control variables for this analysis consisted of the vari-
ables determined by Baayen et al. (2006) to be significant
predictors of visual lexical decision reaction times.5 Fol-
lowing the removal of outliers, this dataset consisted of
56,296 trials from 1894 word types. No significant effect of
similarity was found (SBH: b = .001; s.e. = .002; t = .9;
v2(1) = .76, p = .38). A summary of the results of this analysis
is presented in Table 2.

Summary

The results from lexical decision reaction times indicate
that although phonological representations may be acti-
vated during orthographic processing (e.g., Rubenstein
et al., 1971), the effects of similarity observed in Study 1
are generated solely by the processes involved in spoken
production. This allows us to draw inferences about spo-
ken production from these effects.

Study 2b Onset-coda similarity in picture naming

To further ensure that consonant similarity effects are a
normal part of spoken production and are not simply an
artifact of the oral reading task, oral picture naming reac-
tion times from the IPNP were analyzed.

For this analysis, all monosyllabic words containing at
least 1 onset consonant and 1 coda consonant were ex-
tracted from the database.6 Mandarin words were excluded
since Mandarin’s contrastive use of voiceless unaspirated
and voiceless aspirated consonants made it difficult to create
a standard similarity calculation across all languages. Fur-
thermore, all Italian and Spanish words were excluded since
together they comprised only 16 words (the syllable struc-
ture of these languages makes monosyllabic words with
coda consonants relatively rare). In total, the dataset con-
sisted of 410 English words, 124 Hungarian words, 99 Ger-
man words, and 50 Bulgarian words.

The analysis followed the same procedure as the ELP
analyses: a model containing baseline psycholinguistic
variables was fit to logged reaction times, outliers were re-
moved, and a model containing the baseline variables and
onset-coda consonant similarity was refit to the data (see
Appendix A for the full description of the model). In the
analysis, words were treated as a random effect and ran-
dom slopes for phoneme similarity were included by word.

Results

Following the removal of outliers, the dataset consisted
of 672 words. An initial model found no significant effect of
consonant similarity (v2(1) = 1.15, p = .28). Inspection of

Table 2
Result summary: coefficient estimates b, standard errors SE(b), and t-values
for all predictors in the lexical decision analysis of Study 2a.

Predictor Coeff. b SE(b) t

Intercept 6.5390 0.022 285.5
Voice–Voiceless �0.0058 0.0032 �1.8
Mean Bigram Frequency 0.0137 0.0025 5.6
Consistency PC1 >�0.0001 0.0008 �0.1
Log Root Frequency �0.0355 0.0011 �31.8
Written Spoken Frequency Ratio 0.0068 0.0014 4.79
Inflectional Entropy �0.0222 0.0028 �7.8
Derivational Entropy �0.0138 0.0030 �4.7
Number of Complex Synsets �0.0327 0.0035 �9.3
Noun to Verb Ratio <0.0001 <0.0001 0.6
Onset-Coda Letter Similarity �0.0009 0.0031 �0.3
Onset-Coda Phoneme Similarity 0.0015 0.0017 0.9

5 Of the 10 variables Baayen et al. (2006) found to be significant, 9 were
used in the present study. Part of speech was not included given that many
words appear as both nouns and verbs (e.g., bat is both a verb and noun). 6 http://crl.ucsd.edu/experiments/ipnp/.

190 A.M. Cohen-Goldberg / Journal of Memory and Language 67 (2012) 184–198



Author's personal copy

the model revealed that number of phonemes interacted
with consonant similarity. All words at the shortest length
(length 3) were removed and when a second model was fit
to the remaining 289 words, a significant effect of
similarity was observed (SBH: b = .026; s.e. = .012; t = 2.1;
v2(1) = 4.65, p = .03). The full range of similarity (SBH 0–3)
was estimated to translate into an 80 ms difference in reac-
tion time (see Table 3 for a summary of the model used in
this analysis). The much larger effect on reaction time here
than in Study 1 is likely due at least in part to the much
longer reaction times associated with picture naming than
oral reading (median picture naming RT: 1070 ms; median
oral reading RT: 598). When the analysis was run on the
382 words of length 3, no significant effect of similarity
was found (v2(1) = .10, p = .74). It thus appears that the
effect of similarity is absent in words of length 3 but
present in longer words.

Summary

Inhibitory effects of onset-coda similarity were ob-
served in a corpus of picture naming reaction times,
although only in longer words. It is unclear why the effect
was not found in shorter words, especially since similarity
effects were observed in CVC words in the ELP corpus
(Study 1). The shorter and longer words did not appear
upon inspection to differ from each other in other respects,
suggesting that the difference in the effect may lie in the
number of consonants/shape of the syllable. One possibil-
ity is that syllable frequency interacts with the effect of
consonant similarity—Romani et al. (2011), for example,
propose that frequent syllables may stored in a ‘precom-
piled’ form, with phonemes already associated with sylla-
ble positions. If this is the case, one might expect that
shorter syllables (which are likely to be more frequent),
may not exhibit as much phoneme competition as longer
syllables, which must be assembled on the fly. Unfortu-
nately, the rather limited size of this dataset (relative, for
example, to the ELP) and the lack of syllable frequency
information for the languages involved makes it difficult

to probe the issue in detail though this should be the sub-
ject of future research. Despite the uncertainty as to the
cause of the length effect, the presence of a significant
inhibitory effect of similarity indicates that competition
between onset and coda consonants is a general property
of spoken production and is not an artifact of the reading
process. These data thus support and replicate the findings
in Study 1.

Study 3 Onset-onset and coda–coda similarity in oral
reading

Competition among the phonemes of the same syllable
position was investigated Study 3. Theories assuming
unrestricted and positionally-constrained interaction posit
that the phonemes of consonant clusters compete with
each other for selection. These theories thus predict that
the similarity of consonants within the onset (trip) and
within the coda (list) should inhibit oral reading reaction
times. Non-interactive theories of phonological encoding
predict that these effects should not be found. Onset-onset
and coda–coda similarity were investigated in separate
analyses using all CCVC and CVCC words, respectively,
from the ELP database.

For the CCVC analysis, words containing [Cju] onsets
(e.g., mute) were excluded since there is evidence that in
English the glide forms a rising diphthong with /u/ rather
than a cluster with the initial consonant (e.g., Buchwald,
2009; Clements & Keyser, 1983; Davis & Hammond,
1995). In addition to the standard set of control variables,
four variables were included. Two variables were included
to capture the effect of onset-coda similarity: Onset1-Coda
encoded the similarity of the first consonant in the onset
cluster to the coda consonant (e.g., trip) while Onset2-Coda
encoded the similarity of the second onset consonant to
the coda consonant (e.g., trip). Psycholinguistic theorizing
has modeled phonotactic constraints as differences in the
strength of the weights connecting lexical and post-lexical
representations (e.g., Warker & Dell, 2006). Phonotactic
properties thus could affect phoneme activation and com-
petition and need to be controlled for in this analysis. To
this end, a variable encoding the type frequency of the on-
set cluster calculated using the words in the Hoosier Men-
tal Lexicon (Nusbaum, Pisoni, & Davis, 1984) was included
in the model as was a variable coding the difference in
sonority between the first and second onset consonants
(Clements, 1990).

Following the removal of outliers, the dataset consisted
of 10,934 trials from 422 words. Onset–onset similarity
ranged from 0 (e.g., /fl/, /Sr/, /pr/, /tw/, /sm/) to 3 (/st/). A
significant inhibitory effect of similarity was found
(b = .02; s.e. = .005; t = 4.7). Since onset–onset similarity
was strongly correlated with sonority (r = .78), initial seg-
ment voicing (r = .74) and moderately correlated with let-
ter similarity (r = .41), additional tests were performed to
ensure a true effect of similarity. Model comparison re-
vealed that onset–onset similarity significantly improved
the fit of the model above and beyond the other variables
(v2(1) = 22.5, p < .001) and a significant inhibitory effect
remained when similarity was residualized against

Table 3
Result summary: coefficient estimates b, standard errors SE(b), and t-values
for all predictors in the oral picture naming analysis of Study 2b.

Predictor Coeff. b SE(b) t

Intercept 6.8130 0.1031 66.05
Initial Segment Voicing �0.0215 0.0173 �1.25
Initial Segment Frication 0.0158 0.0169 0.9
Language-English �0.1427 0.0288 �5.0
Language-German �0.1722 0.0306 �5.6
Language-Hungarian �0.1793 0.0408 �4.4
Log Frequency �0.0080 0.0102 0.8
Syntactic Category 0.0443 0.0465 1.0
Log Freq x Syntactic Cat �0.0357 0.0120 �3.0
Phoneme Length 0.0038 0.0202 0.2
# Alternative Names 0.0346 0.0052 6.5
# Shared Names �0.0504 0.0293 �2.4
H-Stat Name Agreement 0.1098 0.0230 4.8
# of Morphemes �0.2004 0.0537 �3.7
Conceptual Complexity <0.0001 <0.0001 3.1
Obj. Visual Complexity �0.0016 0.0139 �0.1
Onset-Coda Phoneme Similarity 0.0258 0.0123 2.1
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sonority, initial segment voicing, and letter similarity
(b = .02; s.e. = .005; t = 4.7). The full range of onset–onset
similarity (0–3) was estimated to translate into a 44 ms
difference in reaction time (see Table 4 for a summary of
the model).

For the CVCC analysis, two control variables were in-
cluded to account for the effects of onset-coda similarity
(Onset-Coda1, e.g., list; Onset-Coda2, e.g., list). Variables
encoding the coda type frequency and coda sonority differ-
ence were included. Following the removal of outliers, this
dataset consisted of 7829 trials from 303 words. Coda–
coda similarity ranged from 0 (e.g., /rk/, /lp/, /rf/, /rS/) to 3
(/rn/, /st/, /kt/ /ts/). When the model was refit to the data,
coda–coda similarity approached but did not reach signif-
icance (b = .008; s.e. = .004; t = 1.7; v2(1) = 3.01, p = .08).
Both variables encoding the similarity of the onset and
coda consonants were significant, however (Onset-Coda1:
b = .008; s.e. = .003; t = 2.8; v2(1) = 8.15, p = .004; Onset-

Coda2: b = .01; s.e. = .003; t = 3.0; v2(1) = 9.29, p = .002).
To confirm the direction of the effect, coda–coda similarity
was residualized against several predictors with which it
was moderately correlated (sonority: r = .56; coda fre-
quency: r = .31; Consistency PC2: r = .33) and this residual-
ized predictor was found to be inhibitory when entered
into the model (b = .008; s.e. = .004; t = 1.7; see Table 5
for a summary of the model).

Summary

The results of the within-syllable-position analyses pro-
vide support for theories that allow intra-word competi-
tion during phonological encoding. As predicted, the
similarity of onset consonants inhibited reaction times,
even when the frequency and sonority profile of the onset
cluster were taken into account. A marginal inhibitory

Table 4
Result summary: coefficient estimates b, standard errors SE(b), and t-values for all predictors in the onset-onset analysis of Study 3.

Predictor Coeff. b SE(b) t

Intercept 6.6950 0.0375 178.5
InitialSegmentFrication–Frication 0.0235 0.0075 3.1
InitialSegmentVoice–Voiceless 0.0261 0.0054 4.8
FrequencyInitialDiphoneSyllable �0.0077 0.0025 �3.0
FrequencyInitialDiphoneAll �0.0106 0.0022 �4.8
Consistency PC1 0.0025 0.0010 2.6
Consistency PC2 0.0013 0.0012 1.1
Consistency PC3 0.0023 0.0012 1.9
LengthInLetters 0.0169 0.0037 4.6
Orthographic Neighborhood Density �0.0032 0.0009 �3.5
Log Root Frequency �0.0126 0.0011 �11.0
Written Spoken Frequency Ratio 0.0039 0.0017 2.3
Inflectional Entropy �0.0074 0.0031 �2.4
Onset–Onset Letter Similarity �0.0179 0.0041 �4.4
Onset1–Coda Phoneme Similarity �0.0006 0.0018 �0.4
Onset2–Coda Phoneme Similarity 0.0035 0.0017 2.0
Onset Sonority �0.0213 0.0021 �9.9
Onset Frequency <0.0001 <0.0001 1.6
Onset–Onset Phoneme Similarity (Residualized) 0.0226 0.0048 4.7

Table 5
Result summary: coefficient estimates b, standard errors SE(b), and t-values for all predictors in the coda-coda analysis of Study 3.

Predictor Coeff. b SE(b) t

Intercept 6.3394 0.0520 122.0
InitialSegmentFrication–Frication 0.0413 0.0073 5.7
InitialSegmentFrication–Short �0.0086 0.0099 �0.9
InitialSegmentVoice–Voiceless 0.0083 0.0081 1.0
FrequencyInitialDiphoneSyllable 0.0046 0.0018 2.5
FrequencyInitialDiphoneAll �0.0084 0.0030 �2.8
Consistency PC1 0.0003 0.0017 0.2
Consistency PC2 �0.0063 0.0019 �3.4
Consistency PC3 �0.0008 0.0022 �0.4
LengthInLetters 0.0315 0.0060 5.3
Orthographic Neighborhood Density �0.0006 0.0012 �0.6
Log Root Frequency �0.0131 0.0014 �9.1
Written Spoken Frequency Ratio 0.0057 0.0024 2.3
Inflectional Entropy �0.0122 0.0048 �2.5
Coda–Coda Letter Similarity �0.0056 0.0093 �0.6
Onset-Coda1 Phoneme Similarity 0.0080 0.0029 2.8
Onset-Coda2 Phoneme Similarity 0.0100 0.0033 3.0
Coda Sonority �0.0036 0.0038 �0.9
Coda Frequency �0.0001 0.0001 �0.5
Coda-Coda Phoneme Similarity (Residualized) 0.0075 0.0044 1.7
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effect of similarity was found in the coda analysis, a finding
that is generally consistent with the onset analysis. To-
gether, these analyses provide evidence that phonemes
within the same syllable position are co-active and
compete with each other for selection.

Study 4 Onset-suffix similarity in oral reading

The purpose of Study 4 was two-fold. The first goal was
to determine whether phonemes from different mor-
phemes compete with each other for selection during pho-
nological encoding. While Studies 1, 2b, and 3 indicate that
phonemes from the same morpheme are simultaneously
activated and compete with each other for selection, the
data do not tell us whether suffix phonemes are simulta-
neously co-active with root phonemes. Theories of spoken
production that deal with the phonological encoding of
multimorphemic words posit that suffix phonemes are
simultaneously activated with roots (Dell, 1986; Levelt
et al., 1999; Roelofs, 1996), however, the activation level
of non-root phonemes has not been investigated. It is pos-
sible, for example, that suffix phonemes are activated but
so weakly as to be unable to effectively compete with root
phonemes. To this end, words suffixed with –ed were
examined to determine if the inhibitory effect of consonant
similarity (here, onset-suffix similarity, e.g., /t/ and /d/ in
tamed) extends across morpheme boundaries.

The second goal was to determine the stage of process-
ing at which the phonological similarity effects arise.
Although Study 2a indicated that the effects of phoneme
similarity arise during spoken production (and not ortho-
graphic comprehension), there are a number of stages in
the spoken production process at which similarity effects
could theoretically arise. Phonological similarity is vari-
ously thought to be represented during phonological
encoding, articulatory planning, and motor planning stages
and thus similarity-based inhibition could arise at any or
all of these stages. One major distinction between produc-
tion theories is whether they assume that phonological
similarity is represented prior to articulatory processing.
Most theories assume that subphonemic features are avail-
able during post-lexical phonological encoding, prior to
articulatory planning (e.g., Dell, 1986; Stemberger, 1991;
see Goldrick & Rapp, 2007 for a review). The proposals by
Roelofs (1997) and Levelt et al. (1999), in contrast, assume
that phonological similarity is not represented until motor
plans specifying articulatory gestures are retrieved.

The –ed suffix offers a unique opportunity to disentan-
gle these stages. Since the phonetic form of these mor-
phemes depends on the voicing of the stem-final
consonant (e.g., faced [feIst] vs. fazed [feIzd]), it is typically
assumed that this morpheme has an underlying form that
is altered by the phonological grammar to produce the ob-
served surface form (e.g., Chomsky & Halle, 1968). Since
articulatory and motor planning stages compute the
instructions that will drive the actual motor movements,
these stages necessarily deal with the final form of the
word. Thus, if the similarity effects observed in these stud-
ies result from the processing at these stages, onset-suffix
similarity should reflect the surface form of the word. That

is, the word tipped should show stronger similarity effects
than dipped given that the onset and suffix of the former
share 4/4 features (i.e., they are identical: [tIpt]) while
the onset and suffix of the latter share 3/4 features ([dIpt]).
In contrast, if the similarity effects arise during phonolog-
ical encoding (a stage of processing where the phonetic
properties of segments may not yet have been fully speci-
fied), similarity should reflect a more underlying form of
the suffix (e.g., at this stage the morpheme –ed would have
the form /d/, in which case the onset of dipped would share
4/4 features with the suffix while the onset of tipped would
share 3/4).

All words containing the suffix –ed and a monosyllabic
root were extracted from the ELP. To ensure that the words
were monosyllabic in their suffixed form, words with roots
ending in /t/ or /d/ were excluded from the analysis. The
set of control variables used in Study 1 was used in the
present analysis but since these variables describe the root
only, the following variables were included to account for
the processing of the word as a whole: word frequency
(log HAL frequency; Balota et al., 2007), word letter length,
and word orthographic neighborhood density (as calcu-
lated by the English Lexicon Project). In addition to these
variables, the variable Onset-RootCoda was calculated in
order to capture the effect of onset-coda similarity in the
root. Finally, to capture the effect of the onset’s similarity
with the suffix, three measures of Onset-Suffix similarity
were created: Onset-SuffixSR, Onset-Suffix+V, and Onset-
Suffix�V. These measures were calculated with the SBH

metric using the surface form of the suffix, its voiced form,
and its voiceless form, respectively. To illustrate these vari-
ables, consider the words faced and fazed. For faced, Onset-
RootCoda = SIM(/f/,/s/), Onset-SuffixSR = SIM(/f/,/t/), Onset-
Suffix+V = SIM(/f/,/d/) and Onset-Suffix�V = SIM(/f/,/t/). For
fazed, Onset-RootCoda = SIM(/f/,/z/), Onset-SuffixSR = SIM
(/f/,/d/), Onset-Suffix+V = SIM(/f/,/d/) and Onset-Suffix�V =
SIM(/f/,/t/).

A baseline model was fit using the control variables and
following the removal of outliers, the –ed dataset consisted
of 15,896 trials (620 word types). Model comparisons were
employed to determine whether one of the onset-suffix
similarity values was superior to others. The superset mod-
els containing Onset-Suffix+V accounted for significantly
more of the variance than models containing either On-
set-SuffixSR or Onset-Suffix�V alone. Specifically, the super-
set model containing Onset-Suffix+V and Onset-SuffixSR

outperformed the model containing just Onset-SuffixSR

(v2(1) = 47.21, p < .001) and the superset model containing
Onset-Suffix+V and Onset-Suffix�V outperformed the model
containing just Onset-Suffix�V (v2(1) = 22.70, p < .001).
This indicates that Onset-Suffix+V accounts for a proportion
of the variance that the other metrics do not. Furthermore,
the two superset models did not account for more variance
than the model containing Onset-Suffix+V alone (v2(1) =
.26, p = .61 and v2(1) = .56, p = .45, respectively), indicating
that Onset-Suffix+V captured all of the variance accounted
for by the other metrics. As discussed in the methods sec-
tion above, this pattern indicates that Onset-Suffix+V is
superior to the other definitions of onset-suffix similarity:
it accounts for all of the variance that the other metrics
capture plus an additional amount of variance. This
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indicates that the similarity effect is arising at a stage of
processing where the –ed suffix is represented by the pho-
neme /d/. Since the predictor Onset-Suffix+V was correlated
with the predictors for InitialSegmentVoicing and Initial-
SegmentFrication, the similarity measure was regressed
against these two factors and the residuals of that regres-
sion were included in the analysis to assess the direction
of the similarity effect. The beta-weight for residualized
Onset-Suffix+V was positive (b = .04; s.e. = .004; t = 9.2),
indicating that onset-suffix similarity has a significant
inhibitory effect on reaction times (a positive beta-weight
was also obtained for the unresidualized predictor, sug-
gesting that the direction of the effect is stable in the mod-
el). See Table 6 for a summary of the model. The full range
of onset-suffix similarity (values 1–4) was estimated to
have an effect of 81 ms on reaction times, though caution
is urged in interpreting this result as it was calculated
using the unresidualized predictor (and its accompanying
multicollinearity). These inhibitory effects are in line with
the effects of onset-coda and onset–onset similarity found
in the other studies reported here.

In order to be sure that these results are truly related to
phonological processing, trials for words spelled with the
letter D (e.g., danced, dripped) were removed and the sim-
ilarity analysis was rerun. If competition among onset
and suffix letters were responsible for the superiority of
/d/ over the other possible representations, this effect
should be absent in this dataset given the absence of words
with the letter D. Model comparisons revealed that /d/ was
still superior to /t/ and the suffix’s surface representation
in this dataset (Onset-Suffix+V & Onset-Suffix�V was great-
er than just Onset-Suffix�V v2(1) = 19.89, p < .001, but not
greater than just Onset-Suffix+V v2(1) = .61, p = .44;
Onset-Suffix+V & Onset-SuffixSR was greater than just On-
set-SuffixSR v2(1) = 41.49, p < .001, but not greater than
just Onset-Suffix+V v2(1) = .19, p = .66), indicating that the
effect was not due to letter competition.

Summary

The results of the suffix analyses support two conclu-
sions. The first is that phonemes in suffixes are activated
in a broadly similar way to phonemes within roots, indicat-
ing that in multimorphemic words, suffix consonants com-
pete with root phonemes during phonological encoding. As
the phonemes examined here were in different syllable
positions (onset, coda), this result is only consistent with
unrestricted interaction theories of phonological encoding.
The second conclusion is that the phoneme similarity ef-
fect observed in these reaction times arises at a relatively
early stage of processing, before the final phonetic form
of the suffix has been computed. The regression models
were best-fit when the past-tense suffix was assumed to
be /d/, which indicates that the similarity effect observed
in this investigation arises during phonological encoding,
before articulatory plans are generated and/or executed.

General discussion

Intra-word competition during phonological encoding
was investigated by determining if the similarity of pho-
nemes in various syllable positions influenced reaction
times. Reaction times were found to increase with onset-on-
set, onset-coda, and onset-suffix similarity, indicating that
phonemes from different syllable positions and even differ-
ent morphemes compete with each other during phonolog-
ical processing. This competition was found in both oral
reading and picture naming reaction times. Finally, the ef-
fect was localized to a stage of processing at which segments
have not yet received their final phonetic form, a stage con-
sistent with phonological encoding. Together, these results
indicate that intra-word competition is a consistent and ro-
bust phenomenon during phonological encoding.

These results are inconsistent with positionally-con-
strained and non-interactive theories: the data reveal that
to some extent, all of the consonants in a word interact
during encoding, even phonemes in different syllables
and morphemes. Currently, only unrestricted interaction
theories have the appropriate level of interaction to ac-
count for these data. One question of interest is whether
positionally-constrained and non-interactive theories can
be modified to account for these data. It appears that for
positionally-constrained theories, relatively minor modifi-
cations may be able to increase the level of interactivity
within the word, easing the segregation these theories
have imposed on phonemes from different syllable posi-
tions. For Hartley and Houghton’s theory, one possibility
is that the activation of the word-specific Onset and Coda
nodes could be made to overlap in time. This would cause
coda consonants to be active simultaneously with—and
therefore compete with—onset consonants. For Dell’s the-
ory, one modification could be for onset and coda phoneme
pools to be connected by a common set of feature nodes,
allowing activation from one pool to spread to the other
via features (this modification was in fact proposed in Dell,
1986). This would allow segments from one position to
affect the activation of segments in another pool, increas-
ing competition during selection.

Table 6
Result summary: coefficient estimates b, standard errors SE(b), and t-values
for all predictors in the oral reading analysis of Study 4.

Predictor Coeff. b SE(b) t

Intercept 6.4402 0.0384 167.5
InitialSegmentFrication1 0.0136 0.0235 5.8
InitialSegmentFrication2 �0.0223 0.0026 �8.8
InitialSegmentVoicing �0.0057 0.0030 �1.9
FrequencyInitialDiphoneSyllable 0.0041 0.0014 2.9
FrequencyInitialDiphoneAll �0.0043 0.0018 �2.3
Consistency PC1 �0.0028 0.0011 �2.7
Consistency PC2 �0.0046 0.0014 �3.3
Consistency PC3 0.0044 0.0013 3.3
LengthInLetters 0.0093 0.0039 2.4
Orthographic Neighborhood Density 0.0012 0.0009 1.4
Log Root Frequency �0.0104 0.0017 �5.9
Written Spoken Frequency Ratio 0.0047 0.0018 2.7
Inflectional Entropy �0.0143 0.0060 �2.4
Stem Onset-Coda Letter Similarity 0.0082 0.0035 2.3
Stem Onset-Coda Phoneme Similarity 0.0016 0.0020 0.8
Word Length in Letters 0.0160 0.0038 4.2
Word Neighborhood Density �0.0008 0.0010 �0.8
Log Word Frequency �0.0071 0.0018 �5.0
Onset-Suffix Letter Similarity �0.0145 0.0046 �3.1
Onset-Suffix+V (Residualized) 0.0386 0.0042 9.2

194 A.M. Cohen-Goldberg / Journal of Memory and Language 67 (2012) 184–198



Author's personal copy

As for the non-interactive theories proposed by Roelofs
(1997) and Levelt et al. (1999), more substantial changes
are necessary. According to these theories, phonological
features are not represented at segmental stages of pro-
cessing, rather they are only a component of stored motor
plans. Since the effects of similarity appear to be arising at
a stage of processing prior to articulatory planning (e.g.,
Study 4), features need to be available at an earlier stage
of processing in order to account for the effects described
here. Furthermore, the mechanism that selects phonemes
needs to be altered so that its speed is a function of the rel-
ative activation levels of the phonemes (similar to the
mechanism that selects motor plans, described above).
While the modifications described here will increase the
interactivity of these theories during phonological encod-
ing, it remains to be seen whether they can maintain the
same level of success in modeling speech phenomena once
these modifications have been implemented. One advan-
tage of these changes, however, is that they should allow
these theories to account for within-word errors (e.g.,
teach ? [�i�]). At the moment, neither positionally-
constrained nor non-interactive theories are capable of
producing these sorts of errors.

Methodological considerations

The fact that phoneme similarity influences reaction
times suggests that researchers should take this property
into account when designing stimuli for language
experiments. Although the relative strength of onset-coda
vs. onset–onset vs. coda–coda similarity has yet to be
determined (particularly for multisyllabic and multimor-
phemic words), one starting place would be to consider
onset-coda similarity given the consistency of its effects
in the studies reported here.

Relation to phonotactic patterns

Finally, there is an interesting relationship between the
behavioral patterns observed in the present investigation
and certain phonological patterns in the world’s languages.
It has long been noted that languages tend to disprefer
words containing similar and identical consonants, a pat-
tern often termed the ‘Obligatory Contour Principle’ or
‘OCP’. One way this dispreference manifests is in an under-
representation in the lexicon of words containing similar
and identical consonants. Perhaps the most well-known
example is Arabic, which contains almost no words with
homorganic consonants (consonants that share the same
place of articulation) in the first two positions of the root
(e.g., words like �/sasam/ are absent; Greenberg, 1950;
McCarthy, 1986). Similar categorical absences have been
noted for other Semitic languages such as Hebrew (Bachra,
2001; Koskinen, 1964; Kurłyowicz, 1972; Tobin, 1990;
Weitzman, 1987) and Amharic (Bender & Fulass, 1978;
see also the references in Rose & King, 2007). In addition
to these cases of total underrepresentation, quantitative
analyses have revealed that many languages contain fewer
words with similar consonants than would be expected by
chance (e.g., Frisch et al., 2004). Such gradient underrepre-
sentation has been noted in over 40 languages from 14

unrelated language families (see Walter, 2007 and the ref-
erences therein), including English (Berkley, 2000; Martin,
2007).

Dispreferences for sequences of similar consonants may
also be observed in synchronic grammatical processes that
cause similar consonants to become less similar (‘dissimi-
latory’ processes). For example, the reflexive prefix m- in
Tashlhiyt Berber (e.g., [m-xazar] ‘scowl’, [m-sa al] ‘look
for’) delabializes when combined with a root that also con-
tains a labial consonant (e.g., [n-fara] ‘disentangle’, [n-kad-
dab] ‘consider a liar’; Alderete, 2003). An analogous
process of liquid dissimilation was active in Latin and
caused the adjectival suffix –alis to alternate with –aris
when preceded by /l/. The result of this process can be ob-
served in the distribution of the English suffix –al � –ar,
which is the historical descendent of –alis: caudal and nasal
but solar and familiar (Watkins, 1970). Finally, disprefer-
ences for nonce words containing repeated consonants
have been observed in the wordlikeness judgments of
speakers of Hebrew (Berent, Everett, & Shimron, 2001; Ber-
ent & Shimron, 1997) and Arabic (Frisch & Zawaydeh,
2001), providing further evidence that this dispreference
is encoded in speakers’ minds.

It has been proposed that many typological patterns
may have their origins in the limitations of the human pro-
duction and perception systems. Under this diachronic
functionalist account, words containing phonological struc-
tures that are difficult to produce and/or perceive will be
more likely to be mispronounced/misperceived (and per-
haps less likely to be selected in the first place; Martin,
2007), gradually leading to their disappearance from the
lexicon (Blevins, 2004; Ohala, 1981; Ohala, 1989). It has
been proposed that the OCP may originate in a similar
manner from psycholinguistic difficulties relating to the
processing of similar and repeated consonants (Berg,
1998; Frisch, 2004; Walter, 2007). The findings of the cur-
rent study may play an important role in this argument:
words containing similar consonants are in fact more diffi-
cult for speakers to produce. Intra-word competition dur-
ing the selection of a word’s consonants may thus
constitute a distal cause of cross-linguistic OCP patterns.

At the same time, however, it has been demonstrated
that phonotactic patterns influence the speed and accuracy
with which words are processed (e.g., Vitevitch, Armbrüster,
& Chu, 2004). This leaves open the possibility that the
inhibitory effect of consonant similarity observed here is
not only the cause but also a consequence of the underrep-
resentation of similar consonants in the English lexicon
(e.g., Berkley, 2000). It is clear that further research will need
to investigate the relationship between processing costs and
phonotactic patterns in the OCP and more generally.
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A. Control variables used in the regression analyses. ‘�’ denotes variables used only in Study 3; ‘��’ denotes variables
used only in Study 4.

Studies 1, 3, 4
ELP Oral Naming

Study 2a
ELP Lexical Decision

Study 2b
IPNP Picture Naming

Initial Segment Frication �Onset Type Frequency Initial Segment Voicing Initial Segment Voicing
Initial Segment Voicing �Coda Type Frequency Mean Bigram Frequency Initial Segment
Initial Diphone Freq.(Syllable Initial count) ��Word Orthographic Consistency PC1 Frication
Initial Diphone Freq.(All Environments) Neighborhood Density Log Written Frequency Language
Consistency PC1 ��Log Word Frequency Written-to-Spoken Freq. Syntactic Category
Consistency PC2 ��Word Letter Length Ratio Log Freq
Consistency PC3 Derivational Entropy Phoneme Length
Letter Length Inflectional Entropy # Alternative Names
Ortho. Neighborhood Noun-to-Verb Ratio # Shared Names
Density Log Complex Synsets H-Stat Name
Log Root Frequency Letter Similarity Agreement
Root Written-to-Spoken Conceptual Complexity
Freq. Ratio Obj. Visual Complexity
Inflectional Entropy Log Freq x
Letter Similarity Syntactic Category
�Onset-Coda1 Similarity
�Onset-Coda2 Similarity
�Onset1-Coda Similarity
�Onset2-Coda Similarity
�Onset Sonority
�Coda Sonority
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