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Lexical Integration of Novel Words Without Sleep
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Learning a new word involves integration with existing lexical knowledge. Previous work has shown that
sleep-associated memory consolidation processes are important for the engagement of novel items in
lexical competition. In 3 experiments we used spaced exposure regimes to investigate memory for novel
words and whether lexical integration can occur within a single day. The degree to which a new spoken
word (e.g., cathedruke) engaged in lexical competition with established phonological neighbors (e.g.,
cathedral) was employed as a marker for lexical integration. We found evidence for improvements in
recognition and cued recall following a time period including sleep, but we also found lexical competition
effects emerging within a single day. Spaced exposure to novel words on its own did not bring about this
within-day lexical competition effect (Experiment 2), which instead occurred with either spaced or
massed exposure to novel words, provided that there was also spaced exposure to the phonological
neighbors (Experiments 1 and 3). Although previous studies have indicated that sleep-dependent memory
consolidation may be sufficient for lexical integration, our results show it is not a necessary precondition.
Keywords: spaced learning, testing effect, lexical competition, memory consolidation, sleep

One of the few lines of research looking at the integration of
new memories with old memories is one that has investigated the
time course of word learning in adults. When a new word is
learned, it can be said to be fully lexically integrated when its
representation is able to interact with representations of established
words in the lexicon. One marker for such integration is the
establishment of lexical competition, a central construct for theories of spoken word recognition. When one listens to a spoken
word, the incoming acoustic information unfolds over time, leading to the activation of matching word candidates in one’s mental
lexicon (Marslen-Wilson, 1993). For example, hearing the first
part of the word captain activates competitors such as capsule and
captive before acoustic information eventually distinguishes the
incoming word from its competitors. Gaskell and Dumay (2003)
taught participants the phonological forms of fictitious novel
words that were derived from real words with early uniqueness
points (the point at which a word diverges from competitors). Once
a novel word has been integrated into the phonological lexicon it
should engage in lexical competition, which would be demonstrated by slower recognition of the novel word’s phonological
competitors. Participants in Gaskell and Dumay’s experiment were
able to recognize these novel words accurately immediately after
training. However, there was no immediate evidence for these
novel words engaging in lexical competition. Instead, it appeared
that the integration of the form of these new words into the lexicon
had a time course that spanned several days. This measure of
lexical integration was purely form based, because meanings were
not explicitly provided for the words. Conceivably, a lexical entry
without a meaning may be represented in a qualitatively different
way than one with a meaning, although there is some evidence that
participants will generate their own meaning for a word if one is
not provided (Tamminen, 2010). In any case, studies of lexical
competition where meanings were provided, for both adults and
children, suggest that the time course of the emergence of lexical
competition is not influenced by the presence or absence of this

Although traditionally a topic that has been neglected in cognitive psychology, memory consolidation has been intensively studied in recent years, bolstered by findings from cognitive and
behavioral neuroscience. Research on consolidation has shown
that after an initial learning episode, memory processes continue
without further exposure, as unstable memory traces are transformed from an initial unstable state to a stronger and more
permanent form. Recent work has shown that sleep has an important role in memory consolidation (see Walker & Stickgold, 2006,
for a review), with increasing evidence for sleep-based consolidation in a variety of memory tasks, including both implicit learning
of motor skills and more explicit declarative knowledge (Gais &
Born, 2004). Studies of sleep-associated memory consolidation
have typically demonstrated that newly acquired memories become more resilient to interference or decay following sleep
(Walker & Stickgold, 2006). Strikingly, in some cases performance can actually improve following sleep, despite no further
practice or rehearsal, such as in the case of motor skills (Fischer,
Hallschmid, Elsner, & Born, 2002). Another important aspect of
memory consolidation, which we know less about, is how new
memories are integrated with old memories and the role for sleep
in this integration process (Walker & Stickgold, 2010).
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meaning (Dumay, Gaskell, & Feng, 2004; Henderson, Weighall, &
Gaskell, 2012).
Dumay and Gaskell (2007) investigated the time course of
lexical integration by focusing on the possible role of sleep in the
lexical integration process. They trained participants on novel
words either in the morning or in the evening. Results of a lexical
competition test using existing neighbors immediately after familiarization were compared with a second test after a 12-hr gap (with
an additional 24-hr test to control for time-of-day confounds).
When this 12-hr interval contained nocturnal sleep, lexical competition effects were found, yet there was no evidence for lexical
competition following the 12-hr gap that did not include sleep. A
special role for sleep in lexical integration is supported by a recent
study (Tamminen, Payne, Stickgold, Wamsley, & Gaskell, 2010)
in which enhanced lexical competition for existing neighbors of
novel words after sleep was found to be associated with an aspect
of sleep physiology called sleep spindles, which are thought to be
a marker of hippocampal–neocortical interaction. These findings
support the idea that nocturnal sleep is important for lexical
integration (as defined by the impact of a novel word on the
recognition of an established neighbor). Similar studies have also
found little evidence of lexical competition effects prior to sleep
(e.g., Davis, Di Betta, Macdonald, & Gaskell, 2009; Dumay &
Gaskell, 2012; Dumay et al., 2004; Tamminen & Gaskell, 2008),
although the spindle study described above (Tamminen et al.,
2010) found some evidence for lexical competition prior to sleep.
Although participants are able to recognize new words pre-sleep,
representations of novel words do not seem to be in a suitable form
for lexical competition effects to emerge. The question addressed
in the current work was whether enhanced training before sleep
could lead to more immediate lexicalization. In order to enhance
learning of the novel words, we implemented a spaced training and
testing regime.
In spaced or distributed learning, exposure to items during
learning is spread out over time. Spaced learning is usually contrasted with massed learning, in which the equivalent amount of
exposure is given all at once. The enhancement in memory with
spaced learning, known as the spacing effect, has been one of the
most studied topics in memory research and has been shown to
occur across different time periods, different learning strategies,
materials, and species (see Cepeda, Pashler, Vul, Wixted, &
Rohrer, 2006, for a review). Spaced learning studies have demonstrated improved performance in the learning of words in young
children (Schwartz & Terrell, 1983). For adults, the benefits of
spaced learning in vocabulary acquisition have long been known
(Dempster, 1987), and this method is often applied in second
language teaching. A phenomenon related to spaced learning is the
testing effect. Effortful retrieval involved in testing item knowledge has been shown to considerably enhance memory compared
with study (Carrier & Pashler, 1992), and like spaced learning,
spaced retrieval practice can lead to significant benefits for memory (Karpicke & Roediger, 2008; Landauer & Bjork, 1978). These
findings suggest that spaced exposure and retrieval of new words
should enhance performance in explicit tests of memory (e.g.,
recall or recognition). However, given the evidence of the importance of sleep in the emergence of lexical competition, it remains
an open question as to whether spacing may accelerate the engagement of novel words in the lexical competition process to occur in
a single day.
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Spaced learning is often studied by varying the number of
intervening items in a list learned in a single study session. In other
cases, the effect is studied with intervals across days, weeks, or
longer. However, there has been relatively little investigation of
spaced learning (or spaced testing) with learning sessions spread
across a single day (although cf. Shea, Lai, Black, & Park, 2000,
in the domain of motor learning). Alongside the general evidence
for memory benefits following spacing of study and test, there are
reasons to think that spaced exposure within a single day may be
particularly beneficial for lexical integration. One theoretical account of the lexical integration process (Davis & Gaskell, 2009;
Lindsay & Gaskell, 2010) is based on the complementary learning
systems model (McClelland, McNaughton, & O’Reilly, 1995).
This theory proposes that overnight sleep provides an opportunity
for the integration of rapidly acquired hippocampal information
with existing knowledge stored in a slower learning neocortical
system. This dual-system approach is a response to the problem of
“catastrophic interference” that can occur in a single distributed
connectionist network, whereby newly acquired knowledge overwrites existing distributed knowledge. The solution offered by the
complementary systems account is to provide a secondary hippocampal store that uses sparse representations and a high level of
plasticity to support initial learning. Integration into the neocortex
then happens offline (e.g., during sleep) such that the hippocampal
network “teaches” the neocortical network while interleaving the
new information with the existing knowledge more gradually
(Ans, Rousset, French, & Musca, 2004; Robins, 1996; see G. A.
Carpenter & Grossberg, 1991, for an alternative solution).
Sleep is an ideal state for this interleaving, as our cognitive
system is offline and is not required for processing new information (McClelland et al., 1995). However, it is not the only means
of interleaving. McClelland et al. also argued that interleaving
could occur during waking hours as consequence of interleaved
exposure to new and old information. Such interleaved presentation could lead to neocortical integration of novel representations
during the day. In the domain of word learning, this would predict
that some (perhaps weak) evidence of lexical integration (i.e.,
lexical competition effects for existing words) should be found
during the day when training provides a more spaced and/or
interleaved mode of exposure. In turn, this could lead to less
dramatic changes in the lexical competition environment overnight.
In Experiment 1, participants were intensively trained and tested
on novel words in spaced sessions on a single day and tested once
again on the following day. Each training session involved both
familiarization of novel phonological forms and explicit retrieval
practice via cued-recall and recognition memory tests. Engagement of the new words in lexical competition was also repeatedly
tested by measuring lexical decision latency to existing phonological neighbors of the newly learned words. This spacing regime
allows interleaving with existing words throughout the course of
the day. In fact, interleaving occurred in two ways. First, the test
materials were as a whole interleaved with the participant’s typical
daily language environment outside the lab. Second, there was
explicit interleaving of novel words and their existing neighbors in
the training and testing materials. In Experiment 1 we did not
address the question of what kind of interleaving might be necessary for lexical integration. Instead, we focused on whether sleep
is a necessary precondition for integration into the phonological
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lexicon. Along with providing interleaving, the combined use of
spaced learning and retrieval practice should maximize participants’ encoding of the new words, perhaps increasing the likelihood of pre-sleep lexical integration. On the other hand, if sleep is
necessary for lexical integration, then we would not expect participants to show lexical competition effects on the first day of
learning, no matter how well the new words had been learned or
how much interleaving had occurred, though we should expect to
find it when we test the next day.

Experiment 1
Method
Participants. Thirty-seven participants from the University
of York were tested. All were native English speakers without
visual or auditory impairments. Participants received course credit
or were paid £15 for participation. One participant did not complete the sessions, leaving 36 participants in total.
Materials and stimulus construction. Forty monomorphemic words, listed in the Appendix, were chosen to act as what we
call “base words” (e.g., cathedral) and were selected from a larger
set used by Davis et al. (2009). Base words were bi- or trisyllabic
and contained six to 11 phonemes (M ⫽ 6.7). Frequencies ranged
from 2 occurrences per million to 18. All base words had an early
uniqueness point, located before the final vowel. Fictitious novel
word competitors were derived from these base words (e.g.,
cathedruke) and diverged from the base word at their final vowel.
The intent was to create a new close competitor, which once
integrated in the lexicon would lead to the extension of the uniqueness point of the base word and slow down its recognition (cf.
Gaskell & Dumay, 2003). For each novel word, a foil was also
created for use in an explicit recognition test (e.g., cathedruce).
This diverged from the novel word only at the final phoneme. The
40 fictitious novel words were split into two lists for counterbalancing, with each participant learning one list. In order to prevent
confusion in the stem completion task, we designed each list so
that no items shared the same initial phoneme.
Filler words and nonwords for the lexical decision task were
chosen to have properties similar to those of the experimental
items. Nonwords were created by changing one phoneme of a real
word. Participants heard all 40 base words in the lexical decision
task, with 20 items potentially having a new competitor and the
remaining 20 items acting as controls, for which no new novel
competitor had been learned. Stimuli were recorded by a male
native speaker of British English.
Design and procedure. The experiment was split into five
sessions. Participants started the first session (S1) at 09:00, 09:30,

or 10:00 and came back to the laboratory for the second (S2), third
(S3), and fourth (S4) sessions at 2.5-hour intervals; the fifth
session (S5) took place 24 hours after the final session of the first
day, in order to avoid circadian confounds when comparing performance between S4 and S5.
Four tasks were used in the experiment. Phoneme monitoring
served to familiarize participants with the phonological form of the
words. Stem completion always followed phoneme monitoring and
had a dual role. In terms of learning, it provided retrieval practice
that (particularly when combined with feedback) was expected to
lead to better retention (Bangert-Drowns, Kulik, Kulik, & Morgan,
1991). Furthermore, it provided a direct test of retention of the
novel words. The familiarity decision and lexical decision tasks
were primarily used to assess the strength of representation and the
integration of the novel words into the phonological lexicon,
although these tasks also provided limited additional exposure.
Participants did each task four times in total. The structure of
sessions and order of tasks in Experiment 1 are shown in Table 1.
Although our main focus was the results from the lexical decision task, we were also interested in how performance in the other
tasks changed across the sessions, which is why we included an
additional repetition of the phoneme monitoring and stem completion tasks in the final session, by which time further training was
no longer necessary. As we were particularly concerned with
responses to the lexical decision task, this was always done at the
beginning of a session, so that responses would not be affected by
immediately preceding tasks. In addition, participants did not
perform further repetitions of the phoneme monitoring and stem
completion tasks in Session 4, as we wanted to examine changes
in lexical competition in Session 5 as a function of passage of time
and/or sleep, which could not be attributable to the additional
exposure provided by the phoneme monitoring and stem completion tasks.
All tasks were run using DMDX software (Forster & Forster,
2003), using Beyerdynamic DT 234 Pro headsets for auditory
presentation of stimuli and recording of responses in the stem
completion task. Participants used a USB gamepad to respond in
every task except stem completion. Sessions with two tasks took
approximately 15–20 minutes and approximately 35 minutes for
all four tasks.
Phoneme monitoring. Participants had to pay attention to the
phonological form of the 20 novel words that each participant
learned and monitor which phonemes they contained to provide
repeated exposure to the novel words. Five target phonemes were
used (/n/, /t/, /d/, /s/ or /p/, in separate blocks). Phoneme targets
appeared across all positions of the novel words, with no particular
focus on a part of the word. At the start of each block the target

Table 1
Example Schedule for a 09:00 Start in Experiment 1
Session

Time

Day

S1
S2
S3
S4
S5

09:00
11:30
14:00
16:30
16:30

1
1
1
1
2

Tasks (in test order)
Phoneme monitoring
Lexical decision
Lexical decision
Lexical decision
Lexical decision

Stem completion
Familiarity decision
Familiarity decision
Familiarity decision
Familiarity decision

Phoneme monitoring
Phoneme monitoring

Stem completion
Stem completion

Phoneme monitoring

Stem completion
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phoneme was specified, with example existing words given in
which that phoneme appears (e.g., “listen for the t sound, as in caT
or Town”). This was done to encourage a phoneme encoding
strategy for the target phonemes rather than letter matching. The
participant was asked to indicate whether the target sound was
present in the novel word by responding as quickly and accurately
as possible, using the left button on the joypad for phoneme absent
and the right button for phoneme present. On each trial the target
word was presented over headphones (e.g., cathedruke) concurrent
with the onscreen presentation of a reminder of how to respond in
each block (e.g., “no t” appearing on the left, and “t” on the right).
Trials timed out after 4,000 ms. To help improve participants’
motivation, we reported the mean response time (RT) and number
of errors at the end of each block. At the end of the task we
reported the overall accuracy and mean RT. Participants were also
given visual feedback on correct responses and errors (a “smiley
face” or sad face), with additional auditory feedback on errors,
hearing an uh-oh sound (which may be familiar to viewers of the
U.K. television show Family Fortunes).
The ordering of blocks was randomized per participant and per
session. Within each block, participants made a decision to each of
the 20 novel words twice, with the order of presentation of each set
of 20 items randomized. Overall, participants encountered 10
presentations of each novel word in each phoneme monitoring
session (2 per block across 5 blocks/phonemes).
Stem completion. Participants carried out a stem completion
task to provide a measure of explicit recall and at the same time
provide further opportunity for strengthening novel word representations. Participants were told that on each trial they would hear
the initial part of a novel word they had been learning as a cue.
Their task was to say out loud the matching word, if they could
remember it, or otherwise to say nothing. Cue sequences were
presented over headphones and constituted the initial CV or CCV
of a target newly learned word (e.g., for the novel word cathedruke, the cue was ca). These cues were excised from the novel
word recordings. Participants were instructed to vocalize their
responses as quickly and accurately as possible. On each trial a
fixation cross appeared in the center of the screen, and simultaneously a 240-ms alert sound was presented to prepare participants
for the cue presentation. After 1,000 ms, the cross disappeared and
the cue sound was presented. After 4,000 ms, participants were
given auditory feedback of the novel word that they should have
produced, regardless of whether their response was correct or not.
Participants received two practice trials at the beginning with
existing words to familiarize themselves with responding. They
could skip these trials in later repetitions of the task.
Familiarity decision.
To assess recognition of the newly
learned words, we had participants make speeded old/new decisions to auditory presentations of target novel words pseudorandomly intermixed with the same number of foils (20 targets and
20 foils) that differed from target novels words only by their final
phoneme. Participants pressed the left button on a joypad for a
stimulus they thought they had not encountered in training and
pressed the right button for a stimulus that they thought they had
heard previously. Participants were instructed to be as “quick as
possible without making too many mistakes.” Two counterbalanced lists were created so that targets and foils appeared in the
first or second half of each task in different orders. Trials timed out
after 3,000 ms, and were separated by a 1,000-ms interval in which
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a blank screen was presented. There was a break at the halfway
point. Our previous studies have used a two-alternative forced
choice task (2AFC) to assess recognition memory (Dumay &
Gaskell, 2007; Gaskell & Dumay, 2003). The task differs here to
avoid ceiling effects that can occur with the 2AFC task.
Lexical decision. An auditory lexical decision task was used
to index the participation of the novel words in lexical competition
during the recognition of similar-sounding words. We compared
participants’ responses to the 20 test base words for which a novel
competitor had been presented during training with their responses
to the 20 control base words for which the novel competitor had
not been presented. The base words were encountered only in the
lexical decision task. Along with these key items, 28 real word
fillers with properties similar to the base words and 68 nonwords
were included, leading to a 50/50 ratio of words to nonwords.
Participants were instructed that on each trial they should press a
button to indicate whether they thought an item was a word or not.
They were to respond as quickly and accurately as possible, with
a left response on the joypad indicating a nonword and a right
response on the joypad indicating a real word. Participants were
given visual feedback for 500 ms after each trial, with either their
RT in ms or the text too slow, if their RT was longer than 1,200 ms,
appearing in the center of the screen. The first 12 items were
practice items (half words and half nonwords, with similar characteristics to the main items), and participants had to exceed 80%
accuracy on these items to continue. They could skip the practice
trials in subsequent repetitions of the task. Trials timed out after
3,000 ms and were separated by a 1,000-ms interval in which a
blank screen was presented. There was a break at the halfway
point.

Results
In the analyses of variance (ANOVAs) reported below, word list
(2 levels) was included as a dummy variable to increase statistical
power (Pollatsek & Well, 1995). For lexical decision and familiarity decision tasks we also controlled for which order participants
saw the stimuli across sessions, which was included as a dummy
variable. Main effects and interactions involving these variables
are not reported. As we used phoneme monitoring primarily for
training, we do not report the results in detail here. However,
descriptive statistics are provided for RTs in Table 2 and errors in
Table 3. These show that error rates were low, with a mean of
5.7% for the first session, reducing to just below 4% for the final
session, which was coupled with a reduction in RT across sessions.
Very similar phoneme monitoring performance was found in the
subsequent experiments.
Stem completion. We determined vocalization onsets using
manual inspection of the waveform and spectrogram for each
utterance. Errors were counted as either omissions or incorrect
productions, with the latter typically involving the final syllable
being replaced by the final syllable of another novel word or the
final syllable of the base word. Overall, omissions and incorrect
productions each constituted approximately 25% of the total responses, with omissions shifting from 47% of responses in the first
session to only 5% by the time of the final session, whereas
incorrect productions shifted from 32% of responses to 14%.
The data from two participants were not included due to recording errors in at least one of their sessions, leaving 34 participants.
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Table 2
Mean Latencies (in ms) and Standard Deviations (in Parentheses) for Experiments 1, 2, and 3
Session
Experiment 1
S1
S2
S3
S4
S5
Experiment 2
S1
S2
S3
S4
S5
Experiment 3
S1–1
S1–2
S1–3
S2
S3
S4
S5

Phoneme monitoring

Stem completion

1,171 (204)
950 (164)
934 (147)

1,105 (425)
933 (258)
931 (208)

814 (124)

713 (176)

1,320 (219)
1,218 (239)
1,125 (248)

1,098 (263)
1,044 (264)
1,100 (243)

840 (117)

753 (141)

1,195 (164)
1,075 (191)
989 (189)

1,126 (300)
976 (199)
970 (260)

839 (132)

Familiarity decision

Lexical decision
(base words)

Lexical decision
(controls)

1,156 (97)
1,145 (112)
1,118 (106)
977 (96)

811 (73)
796 (56)
787 (77)
783 (76)

812 (56)
776 (54)
771 (69)
747 (68)

1,115 (115)
979 (89)

840 (56)
830 (65)

843 (40)
814 (69)

1,091 (144)
1,120 (86)
1,114 (117)
1,002 (88)

815 (60)
803 (69)
804 (72)
788 (56)

830 (70)
791 (58)
783 (61)
762 (78)

720 (166)

Production latencies greater than 3,000 ms were omitted (⬍ than
1% of total data). RTs are shown in Table 2, error performance is
shown in Table 3, and the results are graphed in Figure 1. Recall
was poor in the initial session (79% errors) but improved dramatically by the time of the final session (20% errors). We interpret
this as being due partly to improvements in associating the cue
with the target (aided by the feedback) but also due to a strengthening of the target representation through further training.
Unsurprisingly, given these large shifts in performance, analysis
of error rates showed a highly significant effect of session, F1(1,
2
33) ⫽ 45.9, p ⬍ .001, MSE ⫽ 10,399, G
⫽ .34; F2(1, 38) ⫽
2
264.8, p ⬍ .001, MSE ⫽ 23,438.17, G
⫽ .64. The error data
showed a substantial decrease in errors between S1 and S2,
t1(33) ⫽ 7.7, p ⬍ .001, d ⫽ 1.3,1 t2(39) ⫽ 10.98, p ⬍ .001, d ⫽
1.74; a small and marginally significant improvement between S2
and S3, t1(33) ⫽ 2.3, p ⫽ .029, d ⫽ 0.39; t2(39) ⫽ 2.6, p ⫽ .013,
d ⫽ 0.41; and another very large reduction overnight from S3 to
S5, t1(33) ⫽ 13, p ⬍ .001, d ⫽ 2.2; t2(39) ⫽ 14.58, p ⬍ .001, d ⫽
2.31.
Due to the large change in error rate across sessions, a statistical
analysis of correct response production latencies would have led to
a severely unbalanced design. Numerically, however, production
latencies for correct responses showed a similar pattern to error
data, with large reductions in latency (though with large variability) between S1 and S2 (d ⫽ 0.39), no change between S2 and S3
(d ⫽ 0.01), and substantial change between S3 and S5 (d ⫽ 1.16).
Familiarity decision. We analyzed performance in the familiarity decision task using signal detection analysis, calculating d⬘
for each subject (Zhits ⫺ Zfalse alarms; Macmillan & Creelman,
2005). Trials with RT less than 300 ms or greater than 2,500 ms
were excluded (⬍1% of the data). Very similar results were
obtained using standard accuracy measures (percentage errors).
RTs for correct responses are shown in Table 2, and d⬘ scores and
percentage errors for targets (“misses”) are shown in Table 3.
Latencies and d⬘ scores are both graphed for all sessions across our

experiments in Figure 2. The initial d⬘ scores of S2 indicate that
early on in training participants had sufficiently strong phonological representations to discriminate between similar sounding versions of the learned forms, given that values over 1 for d⬘ are
typically taken to indicate good performance.
An ANOVA on d⬘ scores revealed discrimination between
learned words and foils changed across sessions, F1(3, 34) ⫽ 14.1,
2
p ⬍ .001, MSE ⫽ .0610, G
⫽ .27; F2(3, 38) ⫽ 13, p ⬍ .001,
2
MSE ⫽ .0656, G ⫽ .12. There were no significant differences in
mean d⬘ between S2 and S3, t1(35) ⫽ 1, d ⫽ 0.16; t2(39) ⬍ 1, d ⫽
0.10, or between S3 and S4, t1(35) ⫽ 1.3, d ⫽ 0.21; t2(39) ⬍ 1,
d ⫽ 0.12, but there was a highly significant increase in discrimination between S4 and S5, t1(35) ⫽ 4.75, p ⬍ .01, d ⫽ 0.79;
t2(39) ⫽ 3.6, p ⬍ .01, d ⫽ 0.46. These increases in d⬘ scores
showed that participants improved their discrimination abilities
across sessions, which we again attribute to task-related improvements coupled with strengthening representations for the novel
words.
We also analyzed RTs for correct responses to target novel
words (“hits”), which revealed that along with making more accurate decisions, correct decisions to targets were quicker across
sessions, F1(3, 34) ⫽ 30.6, p ⬍ .001, MSE ⫽ 187,979, 2 ⫽ .28;
1

There is considerable disagreement in the literature as to what is the
correct denominator for calculation of the standardized effect size measure
commonly referred to as Cohen’s d, both for between-participants and
within-participants designs. Here we use the mean difference score across
each condition divided by the standard deviation of the difference score
(Morris & DeShon, 2002). Assuming a normally distributed effect, an
effect size of 1.64 suggests that 95% of the population would show a
change in that direction. This within-participants measure can lead to
higher values when compared with a between-participants calculation
(Dunlap, Cortina, Vaslow, & Burke, 1996), particularly when the correlation between tests is high. Between-subjects effect sizes can be calculated
from the means and standard deviations provided in the tables.
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Table 3
Mean Percentage Errors and Standard Deviations (in Parentheses) for Experiments 1, 2, and 3, With Additional d⬘ Scores for
Familiarity Decision
Session
Experiment 1
S1
S2
S3
S4
S5
Experiment 2
S1
S2
S3
S4
S5
Experiment 3
S1–1
S1–2
S1–3
S2
S3
S4
S5

Phoneme monitoring

Stem completion

5.7 (3.1)
5.1 (2.6)
4.5 (2.4)

79 (16)
57 (22)
51 (23)

3.9 (2.5)

20 (15)

5.25 (2.4)
4 (2.4)
3.7 (2.1)

74 (20)
56 (23)
52 (27)

4 (1.9)
5.6 (3)
3.6 (2.3)
3.5 (2.2)

4.1 (2.8)

20 (2)

Familiarity decision

Familiarity decision
(d⬘)

Lexical decision
(base words)

Lexical decision
(controls)

20.5 (9.1)
19 (9.3)
17.3 (9.9)
11 (9.1)

1.68 (.64)
1.79 (.69)
1.93 (.78)
2.53 (.87)

6.3 (12.5)
5.5 (7)
4.9 (6.9)
7 (6.8)

6.4 (9)
5.5 (8.3)
5.1 (7.4)
4.9 (7.5)

12.1 (6.9)
6.1 (6)

2.37 (.67)
3.02 (.71)

5.8 (7.6)
6.4 (8.1)

5.1 (9.7)
4.4 (4.6)

15.9 (13.7)
17.8 (8.7)
18.3 (11.3)
12.7 (10.8)

2.13 (.96)
1.90 (.63)
1.82 (.90)
2.45 (.94)

3.9 (3.9)
4.3 (3.8)
4.4 (5.1)
5.7 (5.3)

2.9 (4.2)
2.3 (3.7)
2.9 (4.4)
3.9 (4.7)

79 (15)
48 (20)
34 (19)

21 (17)

2
F2(3, 38) ⫽ 111.08, p ⬍ .001, MSE ⫽ 233,019, G
⫽ .31. As with
discrimination scores, there was no significant improvements in
performance on the first day, between S2 and S3, t1(35) ⬍ 1, d ⫽
0.09; t2(39) ⬍ 1, d ⫽ 0.01, or between S3 and S4, t1(35) ⫽ 1.22,
p ⫽ .16, d ⫽ 0.2; t2(39) ⫽ 1.8, p ⫽ .08, d ⫽ 0.29, but there was
a large and significant reduction in RT between the last session of
Day 1 and the final test on Day 2 (S4-S5), t1(35) ⫽ 8.03, p ⬍ .001,
d ⫽ 1.33; t2(39) ⫽ 13, p ⬍ .001, d ⫽ 2.1.
Lexical decision. RTs to the base words in the lexical decision tasks were analyzed to examine the extent to which acquisition of the novel items led to heightened lexical competition in the
recognition of well-established words. Our measure of lexical
competition was an RT comparison between the 20 test base words
for which a novel competitor had been learned and the 20 matched,
counterbalanced control base words for which no novel competitor
had been presented. Emergence of lexical competition should be
associated with slower RTs to the test items relative to the controls
(cf. Gaskell & Dumay, 2003). This contrasts with the other two
tasks, as here evidence for the development of new lexical representations is shown by deterioration in performance compared
with controls, as potential performance improvements due to task
and item repetition are counteracted (or even reversed) by the
slowing down of the test item processing due to heightened lexical
competition.
Trials with RT less than 400 ms or greater than 2,000 ms were
excluded (⬍ 1% of the data). Mean RTs are shown in Table 2. As
can been seen from Table 2, RTs start off at a similar level for both
test and control words, and latencies consistently reduce across
sessions both word types, but this change appeared greater for the
controls. An ANOVA with factors of session and word type (test
vs. control base words) revealed an interaction, F1(3, 102) ⫽ 5.24,
2
p ⬍ .001, MSE ⫽ 7,645, G
⫽ .01; F2(3, 117) ⫽ 4.2, p ⬍ .001,
2
MSE ⫽ 14,828, G ⫽ .001, indicating that the size of the lexical
competition effect changed over time. The size of the mean lexical

competition effect in ms for each session in Experiment 1 (and the
other two experiments) is illustrated in Figure 3. Initially there was
no difference between test base words and controls (S2; t1 and
t2 ⬍ 1, d ⬍ 0.01). However, at the second test (S3), we found a
significant lexical competition effect of 20 ms (SD ⫽ 41 ms),
t1(35) ⫽ 2.9, p ⬍ .01, d ⫽ 0.45; t2(39) ⫽ 3.3, p ⬍ .01, d ⫽ 0.52.
At the end of the first day (S4) there was a slightly weaker effect
that was significant by participants but not by items (M ⫽ 16 ms,
SD ⫽ 40 ms), t1(35) ⫽ 2.4, p ⫽ .022, d ⫽ 0.39; t2(39) ⫽ 1.6, p ⫽
.12, d ⫽ 0.25. In the final session the next day, the lexical
competition effect increased to 37 ms, t1(35) ⫽ 5.78, p ⬍ .001,
d ⫽ 0.96; t2(39) ⫽ 4.5, p ⬍ .001, d ⫽ 0.71. The change between
these last two sessions was significant by participants, t1(35) ⫽
2.2, p ⫽ .036, d ⫽ 0.36, and marginally significant by items,
t2(39) ⫽ 1.9, p ⫽ .065, d ⫽ 0.34. The reliable effect found in the
second lexical decision task (S3) suggests that given certain circumstances, a lexical competition effect can emerge without the
need for sleep.
We also found a main effect of session, F1(3, 35) ⫽ 13.8, p ⬍
2
.001, MSE ⫽ 52,543, G
⫽ .05; F2(1, 39) ⫽ 16.9, p ⬍ .001,
2
MSE ⫽ 18,022, G ⫽ .04, with Table 2 indicating participants
were generally speeding up regardless of word type. This increase
was most marked between S2 and S3 and from S4 to S5. There was
also a main effect of word type, with RTs to base words slower
than to control words overall, F1(1, 35) ⫽ 25.5, p ⬍ .001, MSE ⫽
2
43,229, G
⫽ .02; F2(1, 39) ⫽ 15.1, p ⬍ .001, MSE ⫽ 85,558,
2
G
⫽ .016. Analysis of errors (shown in Table 3) revealed no
significant differences across session or word type nor an interaction between them (Fs ⬍ 1).

Discussion
Experiment 1 addressed whether sleep was a necessary condition for the integration of phonological forms into lexical memory,
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Figure 1. Mean RT (top) and errors (bottom) across experiments for stem completion. Error bars show
within-participant 95% confidence intervals (Loftus & Masson, 1994). RT ⫽ response time.

given previous results implying a role of sleep in this process
(Dumay & Gaskell, 2007; Tamminen et al., 2010). Results from
the lexical competition task showed reliable evidence for emergence of lexical competition in the second lexical decision task on
Day 1 (S3), indicating that in some circumstances lexical integration can occur within a single day. What then are the circumstances
that allowed such integration?
One possibility is that the enhanced training on the novel words
may be the reason that lexical competition effects were observed in
two sessions on the first day of exposure (after 5– 8 hours).
Experiment 1 combined spaced learning and testing of the novel
words with exposure to and testing on the neighboring base words.
In many ways, the learning regime was near optimal, with both
spacing of exposure sessions (in the phoneme monitoring tests)
and spaced retrieval practice enhanced by feedback (in the stem
completion tests). These conditions should lead to particularly
robust representations of the novel words (Karpicke & Blunt,
2011; Roediger & Butler, 2011) in comparison with typical learning circumstances in other experiments (e.g., Gaskell & Dumay,
2003) that provide only massed exposure and no retrieval practice.
An alternative possibility is that the repeated exposure to and/or
testing on the existing word neighbors in the lexical decision task
may have been important to allow lexical competition to occur on
the first day. In terms of a complementary memory systems account, we have argued that the interleaving of new words with old

may be crucial to allow lexical integration in a system that guards
against catastrophic interference (Davis & Gaskell, 2009; McClelland et al., 1995). Experiment 1 used two forms of interleaving.
Participants went about their daily business in between sessions,
which in most cases would have involved considerable exposure to
language, both in input and output forms. This general interleaving
contrasts with the much more specific interleaving provided
through exposure to the existing neighbors of the novel words in
repeated iterations of the lexical decision task. Conceivably, lexical competition effects for existing words (e.g., cathedral) require
alteration of the lexical representations of those well-established
words, which might occur as a consequence of their activation
(alongside the activation of the related novel words such as cathedruke) when they are presented during the lexical decision task.
In order to help distinguish between these possible explanations,
in Experiment 2 we examined the role of repeated exposure to the
related base words by withholding the lexical decision test until the
end of the first day. A lexical competition effect at the end of Day
1 in Experiment 2 would suggest that spaced learning and testing
of the novel words, alongside more general interleaving, is sufficient to demonstrate lexical competition effects without the need
for sleep. Alternatively, a lack of an effect in Experiment 2 would
suggest that merely having an optimal training regime with general
interleaving is not enough to lead to lexical integration, and that
more specific interleaving is necessary.

INTERLEAVED WORD LEARNING
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Figure 2. Mean RT (top) and d⬘ (bottom) across experiments for familiarity decision. Error bars show
within-participant 95% confidence intervals. RT ⫽ response time.

Experiment 2
Method
Participants. Thirty-five participants from the University of
Sussex were tested. All were native English speakers without
visual or auditory impairments. Participants received £15 for participation. One participant dropped out from the last two sessions,
and one was excluded due to a data recording error. The data from
these participants were excluded.
Design and procedure. The experiment was identical to
Experiment 1 except for the schedule of tasks used in each
testing session, illustrated in Table 4. As in Experiment 1,
participants had three phoneme monitoring and stem completion tasks spaced out in three sessions during the first
day. These sessions were expected to lead to very robust representations of the novel words. However, unlike in Experiment
1, the lexical decision and familiarity decision tasks were
withheld until the final session in the late afternoon, as these
were primarily intended as tests of learning rather than opportunities to learn. Approximately 24 hours later, participants
completed another iteration of the lexical decision and familiarity decision tasks and a further repetition of the phoneme
monitoring and stem completion tasks.

Results
Stem completion. Analysis of stem completion was the same
as in Experiment 1, with identical exclusion criteria (this was also
true for the other tasks). One participant’s data were excluded from
analysis due to a data recording error in one of the sessions. As in
Experiment 1, an ANOVA revealed that correct vocalizations
significantly increased over sessions, F1(1, 33) ⫽ 75.7, p ⬍ .001,
2
MSE ⫽ 1,608, G
⫽ .46; F2(1, 38) ⫽ 284.8, p ⬍ .001, MSE ⫽
2
20,104, G ⫽ .61. The drop in errors was significant between S1
and S2, t1(31) ⫽ 5.1, p ⬍ .001, d ⫽ 0.90; t2(39) ⫽ 9.7, p ⬍ .001,
d ⫽ 1.5, but was nonsignificant between S2 and S3, t1(31) ⫽ 1.19,
p ⫽ .24, d ⫽ 0.21; t2(39) ⫽ 1.9, p ⫽ .06, d ⫽ 0.3. The following
day there was a large reduction between S3 and S5, t1(31) ⫽ 8.68,
p ⬍ .001, d ⫽ 1.53; t2(39) ⫽ 17, p ⬍ .001, d ⫽ 2.8. The
improvements in correct vocalizations are shown in Table 3 and
Figure 1.
As in Experiment 1, we report only descriptive statistics for
RT data due to the unbalanced design. Production latencies
(shown in Table 2 and Figure 1) speeded up a small amount
between the first and second sessions (d ⫽ 0.21) and then
slowed slightly between S2 and S3 (d ⫽ ⫺0.21). There was a
substantial decrease in latency of vocalization the next day
(S3–S5; d ⫽ 2.28).
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Figure 3. Mean lexical competition difference scores across experiments. Error bars show within-participant
95% confidence intervals.

Familiarity decision. In Experiment 2 we measured familiarity decision responses in only two sessions (S4 and S5), and as
expected, discrimination scores (d⬘) improved significantly between these sessions, t1(32) ⫽ 5.01, p ⬍ .01, d ⫽ 0.87; t2(39) ⫽
5.5, p ⬍ .001, d ⫽ 0.62 (see Table 3 and Figure 2). There was also
a large and significant drop in RTs for correct responses between
sessions, t1(32) ⫽ 12.2, p ⬍ .01, d ⫽ 2.12; t2(39) ⫽ 15, p ⬍ .001,
d ⫽ 2.3 (see Table 2 and Figure 2).
Lexical decision. As with familiarity decision, lexical decision performance was measured in two sessions: S4 at the end of
the first day and S5 a day later. There was a significant Session ⫻
Word Type interaction, F1(1, 31) ⫽ 5.25, p ⫽ .029, MSE ⫽
2
11,630, G
⫽ .01; F2(1, 39) ⫽ 5.29, p ⫽ .027, MSE ⫽ 161,145,
2
G ⫽ .01. In the final session of Day 1, there was no significant
difference between control and test base words, (M ⫽ 4 ms, SD ⫽
50 ms), t1(32) ⬍ 1, d ⫽ 0.08; t2(39) ⬍ 1, d ⫽ 0.04. However, the
next day a clear lexical competition effect emerged (M ⫽ 31 ms,
SD ⫽ 59 ms), t1(32) ⫽ 3.03, p ⬍ .01, d ⫽ 0.52; t2(39) ⫽ 2.77, p ⬍
.01, d ⫽ 0.43. The change between these last two sessions was
significant, t1(35) ⫽ 2.2, p ⫽ .023, d ⫽ 0.38, t2(39) ⫽ 2.6, p ⬍
.02, d ⫽ 0.41. The size of the lexical competition effect at each
session is illustrated in Figure 3. As can be seen from Table 2, RTs
for the control items sped up a day later, but no speedup was seen
for the base words for which a novel competitor was learned.

Unlike in Experiment 1, we failed to find any evidence for lexical
competition on the first day.
Analyses of the main effects showed that responses were marginally faster overall on the second day, F1(1, 31) ⫽ 3.04, p ⫽ .09,
2
MSE ⫽ 15,069, G
⫽ .01, d ⫽ 0.28; F2(1, 39) ⫽ 6.72, p ⫽ .013,
2
MSE ⫽ 10,162, G
⫽ .003, d ⫽ 0.36, and that base words were
2
slower overall, F(1, 31) ⫽ 5.04, p ⫽ .03, MSE ⫽ 16,048, G
⫽
2
.01, d ⫽ 0.42; F2(1, 39) ⫽ 4.3, p ⫽ .043, MSE ⫽ 15,901, G
⫽
.01, d ⫽ 0.38. Analysis of errors showed no significant effects
(Fs ⬍ 1; see Table 3).

Discussion
Unlike Experiment 1, in Experiment 2 we did not find any
evidence for the influence of novel items on recognition of their
phonologically neighboring words on the day of learning. Despite
the memory advantages from spaced learning and testing of the
novel words, the phonological representations developed over
the course of the day were still not in a form sufficient to demonstrate lexical competition, suggesting the novel words were not
fully integrated into the mental lexicon. Only after a 24-hour
period that included a night’s sleep did lexical competition effects
occur, without any further exposure to the novel words during that
interval.

Table 4
Example Schedule for a 09:00 Start in Experiment 2
Session

Time

Day

S1
S2
S3
S4
S5

09:00
11:30
14:00
16:30
16:30

1
1
1
1
2

Tasks (in test order)
Phoneme monitoring
Phoneme monitoring
Phoneme monitoring
Lexical decision
Lexical decision

Stem completion
Stem completion
Stem completion
Familiarity decision
Familiarity decision

Phoneme monitoring

Stem completion
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Looking at the performance across the tasks and experiments, it
does not appear that the lack of a lexical competition effect in
Experiment 2 was due to the novel words having weaker representations. In the recognition memory test by the time of the fourth
session in Experiment 1, participants had done the familiarity
decision task three times. In Experiment 2 this task was done for
the first time in Session 4, but performance was roughly the same
(with equivalent RT and in fact fewer errors). Percentage of correct
vocalizations in the stem completion task was also very similar
across sessions on the first day in Experiment 1 and 2. This
suggests that the spacing regime of Experiment 2 was sufficient to
generate strong representations by the final session of the first day,
at least as indexed by recognition memory and cued recall. Despite
this, lexical competition effects were not found in Experiment 2.
The implication from this result in combination with the results of
the same test in Experiment 1 is that the exposure to the existing
words was important in Experiment 1 in the establishment of a
lexical integration effect by the end of the first day. This fits with
the notion that explicit interleaving of novel and existing words
facilitates the generation of the inhibitory links between the two
that are required for swift lexical competition.
Turning to the finding that lexical competition effects were
obtained in the final session on Day 2, there are multiple explanations to consider. The emergence of this effect is unlikely to be
due to the minimal additional exposure caused by administering
the familiarity decision test in Session 4. Gaskell and Dumay
(2003) compared lexical decision followed by a 2AFC recognition
task (similar to our familiarity decision task) with lexical decision
without a subsequent recognition task and found the additional
exposure and testing involved from the recognition task did not
have any effect the emergence of lexical competition. Two possible explanations are more likely. One is that the additional exposure to the existing words in the final session of Day 1 was crucial,
just as it was in the earlier tests during the day in Experiment 1.
The second possibility is that the extended consolidation time,
which included nocturnal sleep, provided an opportunity for offline interleaving, as has been found in previous experiments. It is
important to note that explicit prior presentation of the base words
is not required for effects of lexical competition after sleep. Davis
et al. (2009) found that lexical competition effects can still be
demonstrated using only a single lexical competition test but only
when 24 hours has elapsed between training and testing. Their
method contrasted two sets of novel words learned at different
times. One set was learned on the first day. On the second day,
another set of words was learned in the morning. Both sets of
words were then tested in a single session later in the second day.
They found only lexical competition effects for the set of words
learned the previous day.
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Although repeated tests of lexical competition are not necessary
to bring about lexical integration (Davis et al., 2009), it appears the
most significant difference between Experiment 1 and Experiment
2 was the testing using the lexical decision task spaced throughout
the day in Experiment 1. This task provides exposure to the base
words to which the novel competitors were derived from, and it
suggests the interleaving (whether explicit or not) may be a crucial
factor in bringing out pre-sleep lexical integration. In order to
further test this possibility, we spaced out our lexical competition
tests through the day, along with the familiarity decision task, in
Experiment 3 as was done in Experiment 1. But in Experiment 3,
instead of spacing out exposure and testing on the novel words
throughout the day using phoneme monitoring and stem completion, we gave participants the equivalent amount of exposure and
testing in the phoneme monitoring and stem completion tasks
concentrated in a single massed session at the beginning of the day.
If the crucial difference between Experiment 1 and 2 was the
repeated exposure to the existing base words in the lexical decision
task in Experiment 1, then we should expect to find lexical
competition from the novel words on Day 1 in Experiment 3. Note
that traditionally, massed learning refers to a within-list manipulation, where spaced exposure is contrasted with massed exposure,
with massed items exposed once and spaced items exposed for the
same amount of total time but distributed over intervals with
exposure to other items. On that definition, in our “massed” single
session we still have spaced exposure to items over time, but the
time interval is over the order of minutes rather than the 2.5-hour
intervals of Experiments 1 and 2.

Experiment 3
Method
Participants. Thirty-eight participants were recruited from
the University of Sussex. All native English speakers without
visual or auditory impairments. They received £15 for participation. During the course of the study two participants failed to
complete all sessions, leaving data for 36 participants.
Design and procedure.
The experiment was identical to
Experiment 1, except that this time phoneme monitoring and stem
completion tasks were not spaced out across the day (see Table 5).
Instead, we used a massed training regime in the first session,
where participants completed three sessions’ worth of phoneme
monitoring and stem completion tasks, with each stem completion
phase (where a phase is equivalent to one session in previous
experiments) following a phoneme monitoring phase. We then
tested participants using lexical decision and familiarity decision

Table 5
Example Schedule for a 09:00 Start in Experiment 3
Session

Time

Day

S1
S2
S3
S4
S5

09:00
11:30
14:00
16:30
16:30

1
1
1
1
2

Tasks (in test order)
Phoneme monitoring ⫻ 3
Lexical decision
Lexical decision
Lexical decision
Lexical decision

Stem completion ⫻ 3
Familiarity decision
Familiarity decision
Familiarity decision
Familiarity decision

Phoneme monitoring

Stem completion
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in three spaced sessions without further training. A final session on
Day 2 used all four tasks.

Results
Stem completion. As found in the previous experiments, an
ANOVA showed a significant reduction in vocalization errors
across task phases (shown in Table 3 and Figure 1), F1(1, 31) ⫽
2
126, p ⬍ .001, MSE ⫽ 22,112, G
⫽ .60; F2(1, 38) ⫽ 284.8, p ⬍
2
.001, MSE ⫽ 20,104, G ⫽ .62. The drop in errors in the first
session between the first and second phase was significant,
t1(35) ⫽ 10, p ⬍ .001, d ⫽ 1.7; t2(39) ⫽ 17, p ⬍ .001, d ⫽ 2.62,
as was the reduction between the second and third phase, t1(35) ⫽
6.13, p ⬍ .001, d ⫽ 1; t2(39) ⫽ 8.7, p ⬍ .001, d ⫽ 1.38. There was
another large reduction between the third phase of the first session
and the final session on the second day, t1(35) ⫽ 5.25, p ⬍ .001,
d ⫽ 0.88; t2(39) ⫽ 7.4, p ⬍ .001, d ⫽ 1.16.
Speed of productions (see Table 2 and Figure 1) dropped between the first and second phase within the first session (d ⫽ 0.53)
and then stayed roughly the same for the third phase (d ⫽ 0.08). In
the final session (S5), latencies substantially reduced compared
with Phase 3 of Session 1 (d ⫽ 1.1).
Familiarity decision. An ANOVA on d⬘ scores revealed that
discrimination between learned words and foils changed across
2
sessions, F1(3, 35) ⫽ 14, p ⬍ .001, MSE ⫽ .061, G
⫽ .07; F2(3,
2
39) ⫽ 4.9, p ⬍ .01, MSE ⫽ .02367, G ⫽ .05. There was a
marginal by-participants improvement in mean d⬘ between S2 and
S3, t1(35) ⫽ 1.98, p ⫽ .054, d ⫽ 0.32; t2(39) ⫽ 1.1, p ⫽ .28,
d ⫽ 0.12. Although there was no significant improvement between
S3 and S4, t1(35) ⬍ 1, d ⫽ 0.01; t2(39) ⬍ 1, d ⫽ 0.04, there was
a significant increase in d⬘ between the last two sessions, S4 and
S5, t1(35) ⫽ 4.8, p ⬍ .01, d ⫽ 0.94; t2(39) ⫽ 3.5, p ⬍ .01, d ⫽
0.37. The accuracy scores and RT shown in Table 3 (and seen in
Figure 2) reveal that participants had better performance in the first
test (S2) compared with that in Experiment 1, which would be
expected given the additional training in S1 of Experiment 3.
RT for correct decisions differed significantly across sessions
(shown in Table 2 and Figure 2), F1(3, 34) ⫽ 20.5, p ⬍ .001,
2
MSE ⫽ 108,157, G
⫽ .14; F2(3, 38) ⫽ 90.5 p ⬍ .001, MSE ⫽
2
133,738, G
⫽ .31. There was no significant change between the
first and second repetitions of the task (S2–S3), t1(35) ⫽ 1.43,
p ⫽ .16, d ⫽ 0.23; t2(39) ⫽ ⫺1.9, p ⫽ .07, d ⫽ ⫺0.29. Between
S3 and S4 there was a small reduction in RT, which was significant
by items but not by participants, t1(35) ⬍ 1, d ⫽ 0.07; t2(39) ⫽
2.2, p ⫽ .037, d ⫽ 0.34, and there was a significant reduction in
RT between the last two sessions (S4 –S5), t1(35) ⫽ 8.23, p ⬍
.001, d ⫽ 1.37; t2(39) ⫽ 9.4, p ⬍ .001, d ⫽ 1.49.
Lexical decision. There was a significant Session ⫻ Word
Type interaction, F1(3, 99) ⫽ 7.23, p ⬍ .001, MSE ⫽ 11,630,
2
2
G
⫽ .01; F2(3, 117) ⫽ 9.25, p ⬍ .001, MSE ⫽ 17,459, G
⫽ .01.
As shown in Figure 3 and Table 2, no lexical competition effect
was present at the first test point; in fact, a reverse competition
effect was found that was significant by items but not by participants (S2; M ⫽ ⫺15 ms, SD ⫽ 56 ms), t1(35) ⫽ ⫺1.5, p ⫽ .12,
d ⫽ ⫺0.26; t2(39) ⫽ 2.2, p ⫽ .032, d ⫽ ⫺0.35. At the second test
point, a lexical competition effect was significant by items but not
by participants, (S3; M ⫽ 12 ms, SD ⫽ 53 ms), t1(35) ⫽ 1.35, p ⫽
.18, d ⫽ 0.22; t2(39) ⫽ 2.5, p ⬍ .02, d ⫽ 0.39. By the final session
of the first day, a significant lexical competition effect emerged

both by participants and by items (S4; M ⫽ 20 ms, SD ⫽ 43 ms),
t1(35) ⫽ 2.83, p ⬍ .01, d ⫽ 0.47; t2(39) ⫽ 3.4, p ⬍ .01, d ⫽ 0.53.
The next day this effect was still present (M ⫽ 27 ms, SD ⫽ 47
ms), t1(35) ⫽ 3.40, p ⬍ .01, d ⫽ 0.56; t2(39) ⫽ 4.2, p ⬍ .001, d ⫽
0.65. Unlike in the previous two experiments, the overnight shift
was not significant, t1(35) ⬍ 1, d ⫽ 0.11; t2(39) ⬍ 1, d ⫽ 0.08.
RTs were significantly different across sessions, F1(1, 33) ⫽
2
8.54, p ⬍ .001, MSE ⫽ 54,164, G
⫽ .05; F2(1, 39) ⫽ 23.8, p ⬍
2
.001, MSE ⫽ 7,643, G
⫽ .04, reflecting the general speeding up
across sessions. Base words were also slower overall, F1(1, 33) ⫽
2
1, p ⬍ .001, MSE ⫽ 136,862, G
⫽ .01; F2(1, 39) ⫽ 12.3, p ⬍ .01,
2
MSE ⫽ 22,896, G
⫽ .01. The only significant effect involving
errors (see Table 3) was a main effect of more errors overall for
base words compared with controls, F1(1, 33) ⫽ 5.65, p ⫽ .023,
2
MSE ⫽ .02060, G
⫽ .01; F2(1, 33) ⫽ 6.38, p ⫽ .015, MSE ⫽
2
.0217, G
⫽ .01.
The results from the lexical competition test in Experiment 3 are
broadly similar to those from Experiment 1. Again, there is clear
evidence that lexical competition effects can emerge within a
single day, given the right conditions of exposure. This effect took
longer to emerge compared with Experiment 1, occurring only in
S4, where it was present at the previous test point in Experiment
1, and the overnight shift was not as large as the previous two
experiments. Performance in the other tasks was comparable with
that in the other two experiments.

General Discussion
Across three experiments we presented participants with different training and testing regimes to determine the circumstances in
which novel words become integrated into our mental lexicons.
We took as our measure of lexical integration the extent to which
novel words could participate in lexical competition with preexisting neighbors, demonstrated by a slowing down of lexical decisions to the existing words. Previous studies have shown that
lexical competition effects reliably occur only following a period
of offline consolidation that includes sleep (e.g., Davis et al., 2009;
Dumay & Gaskell, 2007; cf. Tamminen et al., 2010), indicating
sleep to be a sufficient condition for lexical integration. In two of
the three experiments here we demonstrated that sleep is not a
necessary condition for lexical integration. In Experiment 1, we
found lexical competition effects on Day 1 with a training regime
that combined exposure and retrieval practice for novel words with
repeated testing on the neighboring existing words. In Experiment
2, we spaced out novel word exposure and retrieval across the day
but tested for lexical competition only at the end of the day, and we
found no evidence for lexical competition on the first day. During
Experiment 3, participants were trained on novel words in a single
intensive session in the morning, and following spaced testing on
the existing words, a lexical competition effect occurred at the end
of the first day. In all experiments lexical competition effects were
present the following day. We now describe the theoretical interpretation of our results.

Cross-Experiment Comparison
The most important question for understanding our pattern of
results is why pre-sleep lexical competition effects were found in
Experiments 1 and 3 but not in Experiment 2 or in other studies
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(e.g., Dumay & Gaskell, 2007). Several previous studies showing
an absence of pre-sleep lexical competition effects have used a
single (massed) exposure session (Davis et al., 2009; Dumay &
Gaskell, 2007, 2012; Dumay et al., 2004; Tamminen & Gaskell,
2008). One of the reasons for using spaced learning and testing of
the novel words was to help develop stronger novel word representations than might be achieved with just single-session massed
learning. Perhaps engagement in lexical competition prior to sleep
simply requires a sufficiently well-learned lexical representation.
The results of Experiment 1 fit with this explanation, in that
enhanced learning of the novel words via spaced exposure and
spaced testing with retrieval practice led to lexical competition
effects in two sessions on the same day. However, this hypothesis
is clearly contradicted by the data from Experiments 2 and 3. The
same training regime was retained in Experiment 2, but the withinday competition effect went away, whereas Experiment 3 reverted
to massed training, and the within-day effect returned. Furthermore, looking across task performance across experiments (seen in
Figures 1–3) it does not appear that the novel words were better
learned in the experiments that showed within-day competition
effects. In particular, looking at the results of Experiment 2 in
comparison to the other two experiments, by the time of the lexical
competition test in the final session of the first day, lexical representations would appear to have been well formed. Despite this,
lexical competition was not found until the next day. In other
studies, we have used a 2AFC task to assess explicit knowledge of
word forms, and despite near ceiling performance on this task, we
previously did not find good evidence for pre-sleep competition
(e.g., Dumay & Gaskell, 2007; Gaskell & Dumay, 2003). On the
basis of these considerations, the possibility that the strength of
novel form representations modulates lexical competition effects
with novel words must be rejected.2 Although spaced learning may
benefit memory for the novel items themselves in the long term, it
appears that spaced learning of novel words in the absence of
exposure to the related existing words does not facilitate their
integration with lexical knowledge prior to sleep.

Interleaving and Novel Word Learning
Our initial prediction of pre-sleep competition effects in Experiment 1 was inspired by the complementary learning systems
approach of McClelland et al. (1995). In particular, we pursued the
idea that interleaved learning and testing, with repeated exposure
to both the novel words and their existing phonological competitors, may provide an online alternative to the offline process of
consolidation thought to occur during sleep and hence allow for
pre-sleep lexical integration. Our results provide tentative support
for this explanation. The within-day integration effect in Experiment 1 can be explained in terms of a general process of interleaving of novel words with nonlaboratory discourse or, more
specifically, as a consequence of interleaving novel words with
their immediate competitors. Experiment 2 ruled out the more
general interleaving account by showing that withholding the
interleaved presentation of the existing word neighbors eliminated
the integration effect at the end of the day. It appears that the
repeated activation of the existing base words in conjunction with
exposure to the phonologically related novel words may be crucial
to determining the time course of lexical competition found in this
study. However this account is somewhat at odds with the results
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of Experiment 3, in which interleaving between existing and novel
words was limited in comparison with Experiment 1 but a lexical
competition effect still emerged, although this time only in the
final session of Day 1. Nonetheless, despite the relatively limited
interleaving of novel words in Experiment 3, some interleaving
still occurred. Participants were exposed to the novel items in the
familiarity task that followed each lexical decision task, and the
lexical decisions to existing words may still have led to retrieval of
the related novel words, which were well learned in the first
session (though their retrieval may not have been sufficiently swift
or automatic early in the day to bring about slowing down of
lexical decisions).

Consolidation and Reconsolidation
A potential mechanism for the effect of exposure to existing
representations on lexical competition involves the notion of reconsolidation (Finn & Roediger, 2011; Nader, Schafe, & Le Doux,
2000; Walker, Brakefield, Hobson, & Stickgold, 2003). By this
proposal reconsolidation provides a mechanism whereby existing
memories are updated with new information (Alberini, 2005;
Hupbach, Gomez, Hardt, & Nadel, 2007), though evidence for
reconsolidation in humans is not without controversy (Sederberg,
Gershman, Polyn, & Norman, 2011). A speculative interpretation
of our results is that exposure to the existing items induced
plasticity that promoted reorganization of phonological lexical
memory, allowing new phonologically related representations to
be incorporated. This view fits particularly well with distributed
theories of lexical representation and processing, such as the
distributed cohort model (Gaskell & Marslen-Wilson, 1997). On
such a model, learning a new phonological form can be seen to
involve the modification of existing lexical forms rather than the
creation of a new and distinct lexical entry. In understanding the
results of our Experiment 2, the lack of exposure to the existing
forms could have meant modification was more difficult and had
to await sleep-dependent consolidation. If spaced testing is able to
provide an alternative to sleep for lexical integration, it remains to
be explained what differs between online and offline integration.
One way of conceptualizing what may occur during offline consolidation is that sleep initiates a form of spaced learning, with the
hippocampus training the neocortex by replaying newly acquired
memories while the neocortex is offline. Theories of sleepassociated memory consolidation have posited an important role
for this kind of replay, based on evidence for reactivation in
animals (Skaggs & McNaughton, 1996) and in humans (Rudoy,
Voss, Westerberg, & Paller, 2009). There also accumulating evidence that sleep results in a more generalizable or structured form
of knowledge (Ellenbogen, Hu, Payne, Titone, & Walker, 2007;
Payne et al., 2009). In contrast, the specific interleaving that we
have used in our experiments might be better thought of as a more
focused or impoverished type of integration that alters the representations of specific lexical items rather than a restructuring of the
lexicon as a whole.
2

As an additional confirmation of this point, we carried out a correlation
analysis between individuals’ performance in the familiarity decision for
each session and the size of their lexical competition effect for that session.
No correlations were found (ps ⬎ .25).
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The Possible Role of Awareness
Another factor that may be relevant in explaining the patterns of
lexical competition across experiments is the level of participants’
awareness that the novel words were related to existing words. As
participants were exposed to novel words derived from existing
words and then exposed to those existing words, it is unsurprising
that in debriefing many participants reported explicit awareness of
the relationship for at least some of the items, despite our use of
fillers in the lexical decision task. We also found in some cases
participants produced the base word when given the stem in the
stem completion task. Because there were only two sessions containing the lexical decision task in Experiment 2 (with the first one
at the end of the day’s testing), it is possible that participants were
less aware of the relationship between base and novel words in that
experiment, compared with the greater exposure to the base words
in Experiments 1 and 3. It is unclear to what extent participants’
awareness of this relationship impacted upon on our results, but
relevant to understanding this issue is the study of Dumay and
Gaskell (2012). They taught novel words in which an existing
word was embedded; for example, muck could be embedded
within lirmucktoze. Using pause detection to index lexical activation, they found that delayed responses to existing words embedded in novel words were found only after sleep (24 hours after
initial training). Results using pause detection tasks (see also
Dumay & Gaskell, 2007) have been similar to those involving
lexical decision as a measure of lexical activation, but compared
with the lexical decision task, pause detection has the advantage
that as a lexical status judgment is not made, responses should not
be influenced by the lexical status of competing forms. Crucially
though, participants in this paradigm are much less likely to detect
a relationship between novel words and their base words, which
would suggest that explicit awareness of a link is not the key factor
that distinguishes the presence or absence of pre-sleep lexical
competition in our experiments. Further testament to this claim
comes from the study of Davis et al. (2009), in which lexical
competition effects were demonstrated using just a single test
session (providing a period of time that included sleep occurred
between initial exposure and test). This indicated that competition
effects can emerge in circumstances where awareness would have
been limited. Thus, it is clear that lexical integration via sleep can
occur in the absence of awareness of the relationship between
novel word and existing neighbor. Furthermore, if awareness of
the similarity between novel and existing word (e.g., cathedruke
and cathedral) is influential in lexical decision, perhaps by encouraging a more cautious response strategy to existing words just
in case they turn out to be novel words, then apparent competition
effects should be found soon after initial exposure to the novel
words (while they are fresh in memory). Other studies have tested
for inhibitory effects of novel words on lexical decision to base
words immediately after learning and have found none (e.g., Davis
et al., 2009; Dumay et al., 2004; Gaskell & Dumay, 2003; Tamminen et al., 2010; cf. Tamminen and Gaskell, 2008, for a possible
exception). Thus we can be confident that the effects we see here
are not solely due to explicit awareness of similarities in form
between novel and existing words. Nonetheless, awareness may be
a contributory factor (e.g., by promoting reconsolidation of the
representation of the existing word). An important goal for future
studies (potentially using pause detection instead of lexical deci-

sion) will be to determine to what extent inhibitory linking of
novel and existing words during wake relies on attentional processing.

Strengthening of Representations and the Time
Course of Lexical Consolidation
In other studies of word learning, the emerging picture is that of
a dissociation in the time course of word learning, with some
lexical behaviors emerging only after a period of offline consolidation and some behaviors being available immediately. Behaviors
that rely upon rapid access to lexical representations seem to
benefit from a period of offline consolidation, such as lexical
competition (Bowers, Davis, & Hanley, 2005; Dumay & Gaskell,
2007), lexical facilitation in response in categorizing ambiguous
phonemes (Lindsay, Sedin, & Gaskell, 2012), faster detection of
assimilated segments in connected speech (Snoeren, Gaskell, & Di
Betta, 2009), and semantic interference in naming (Clay, Bowers,
Davis, & Hanley, 2007), In contrast, some behaviors are available
immediately, such as recognition (as demonstrated here), lexical
bias in categorization of ambiguous phonemes (Lindsay et al.,
2012), and compensation for coarticulation (Snoeren et al., 2009).
In the complementary systems model of word learning (Davis &
Gaskell, 2009; Lindsay & Gaskell, 2010), we argue that immediately available lexical behaviors are mediated predominantly by
hippocampal representations, and faster access depends more on
neocortically stored memories. Although we test only after a day
in the present work, in other work we have shown that lexical
competition effects with novel words are still present after several
months (Tamminen & Gaskell, 2008).
Interestingly, the regimes that we employed to engender lexical
competition effects in the phonological neighbors of the novel
words did not appear to influence the availability of the novel
words themselves. This dissociation was perhaps most striking in
the results of the familiarity decision task (recognition memory).
As shown in Figure 2, changes in RTs and error rates during the
course of the first day were negligible in this task. In contrast, all
experiments showed a substantial facilitation in both RTs and error
rates between Session 4 at the end of Day 1 and Session 5 at the
same time the following day. This pattern of results for familiarity
decision indicates that it is not simply repeating the task that led to
improvements, nor was the interleaving of neighboring existing
words relevant. Instead, extended time and/or sleep were crucial to
enhanced speed and accuracy of recognition ability. Although the
experiments reported here were not designed to explicitly test the
role of sleep, the results are nonetheless consistent with sleepassociated memory consolidation leading to improvements in
memory for the novel items. Tamminen et al. (2010) provided
clearer evidence that improvements in novel item recognition
memory (in their case just on RTs) were found after nocturnal
sleep but not after an equivalent time awake during the day. The
overnight change in this measure was also associated with slowwave sleep duration, unlike the lexical competition measure,
which was associated with degree of sleep spindle activity.

Conclusions
In summary, although results from other studies show that time
and sleep are important for memory consolidation and the learning
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of new words, the present results show reliably for the first time
that lexical integration as measured via engagement in lexical
competition can occur within a single day. These experiments
further demonstrate the benefits of spaced learning and testing for
memory enhancement and shed valuable light on the processes
involved in lexical integration. Previous research on word learning
has demonstrated that sleep may be important for integration of
new knowledge with old knowledge. The current study shows that
interleaved exposure to novel words and their existing neighbors
while awake may also be important in facilitating the full integration of new vocabulary items in the mental lexicon.
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Appendix
List of Novel Words and Associated Base Words Used in Experiments
List A

List B

Base word

Novel word

Base word

Novel word

alcohol
apricot
badminton
biscuit
bramble
cardigan
consensus
daffodil
dolphin
grimace
hurricane
mandarin
mistress
ornament
parsnip
profile
pyramid
slogan
specimen
tulip

alcohin
aprickel
badmintel
biscal
brambooce
cardigite
consensom
daffadat
dolpheg
grimin
hurricarb
mandarook
mistrool
ornameast
parsneg
profon
pyramon
slowgiss
specimal
tulode

anecdote
assassin
bayonet
blossom
caravan
clarinet
crocodile
decibel
dungeon
hormone
lantern
methanol
molecule
parachute
pelican
pulpit
skeleton
spasm
squirrel
utensil

anecdel
assassool
bayoniss
blossail
caravoth
clarinern
crocodiss
decibit
dungeill
hormike
lantobe
mathanack
molekyen
parasheff
pelikiyve
pulpen
skeletobe
spaset
squirrome
utensont

Received June 20, 2011
Revision received April 16, 2012
Accepted May 1, 2012 䡲

All in-text references underlined in blue are linked to publications on ResearchGate, letting you access and read them immediately.

