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Abstract

Reports two experiments on mechanism of interference in working memory. Experiment 1 shows that a target word
in a memory list, which bears high similarity to one of 4 words read aloud in the retention interval, is recalled less well
than a control word. A second target word, not similar to any word read aloud but with all its phonemes repeated
among the words read aloud, suffered the same degree of impairment. Feature overwriting explains both results,
whereas similarity-based confusion explains only the first. In Experiment 2, participants remembered lists of 4 words,
followed by 4 letters. A target word with high phoneme overlap with the letters was recalled worse than a control word,
in line with predictions from feature overwriting. A further target word with many phonological neighbors created by
inserting letter phonemes into it was recalled better than a control, contrary to predictions from feature migration.
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Working memory is a system that provides selective
access to a small set of representations for goal-directed
processing. Its capacity is severely limited—we can hold
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only small amounts of information immediately accessi-
ble at the same time. Several hypotheses have been sug-
gested on why working memory capacity is limited,
among them the idea of a limited resource of activation
(Just & Carpenter, 1992), a limit to the ability to control
attention (Kane, Bleckley, Conway, & Engle, 2001),
time-based decay (Page & Norris, 1998), and interfer-
ence between representations held in working memory
(Oberauver & Kliegl, 2001, 2006; Saito & Miyake,
2004). The purpose of this article is to investigate one
such mechanism, interference, in verbal working mem-
ory. We will be concerned with two cases of interfer-
ence—interference between items to be held in working
memory simultaneously, and interference between mem-
ory items and representations involved in a concurrent
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processing task. The latter case is of interest because
working memory is often studied with tasks requiring
concurrent storage and processing, as for instance the
family of complex span tasks (Conway et al., 2005).

The term interference can refer to various mechanisms
by which representations get in each other’s way. Here, we
consider three of them, confusion between items, feature
migration, and feature overwriting.

Item confusion

When attempting to retrieve a particular item, this
item can be confused with other highly available items
to the degree that the competitors are similar to the target
item, or linked to a similar retrieval cue. This mechanism
is implemented in many formal models of serial recall, one
of the standard tasks for investigating working memory
(Brown, Preece, & Hulme, 2000; Burgess & Hitch, 1999;
Page & Norris, 1998). Evidence for item confusion comes
primarily from the fact that a large proportion of errors in
serial recall tasks are transpositions of items (i.e., recall of
a list item in the wrong serial position), which consist pre-
dominantly of confusions between adjacent list items, and
become more frequent when list items are similar to each
other (Henson, Norris, Page, & Baddeley, 1996; Lee &
Estes, 1977; Wickelgren, 1965).

Evidence that confusion of items underlies interference
of processing with memory is more ambiguous. De Beni,
Palladino, Pazzaglia, and Cornoldi (1998) have used a
variant of the complex span paradigm in which partici-
pants read short lists of words and signalled each occur-
rence of an animal, while simultaneously remembering
the last word of each list. Animal words intruded into
the recall of the end-of-list words more often than non-
animal nouns, and that effect was exaggerated in individ-
uals with poor reading comprehension. Others, however,
have found that intrusions of words from the processing
task into the recall of memory items is rare (Chiappe,
Hasher, & Siegel, 2000; McCabe & Hartman, 2003).

Wickelgren (1965) provided first evidence for similar-
ity-based interference of a to-be remembered list and the
material of a processing task, conducted in the retention
interval. In his experiments participants had to remem-
ber four consonants. After presentation of the memory
list eight more consonants had to be copied in writing
before recall of the memory list, which varied in their
similarity to the memory items. This kind of paradigm
is best described as working memory task, manipulating
pairwise phonological similarity between stored and pro-
cessed information. Whereas Wickelgren (1965) found a
clear detrimental effect of pairwise similarity, a compara-
ble experiment with words provided no evidence for an
effect of phonological similarity in tasks with verbal
material, and no effect of visual similarity in tasks using
visual-spatial material (Oberauer, Lange, & Engle, 2004).

In the verbal tasks, there was a small but significant effect
of semantic similarity between a word in the memory list
and a word in the processing-task list.

Feature migration

Whereas item confusion operates on the level of
whole items, the second and third mechanisms to be
discussed operate on the level of features of items.
Therefore, they rest on the assumption that items are
represented as conjunctions of features, and interfer-
ence arises from the interaction between the features
of items held in working memory. One form of feature
interaction is feature migration. When more than one
item is held in working memory, features can migrate
from one item to another, thereby creating illusory
conjunctions. Feature migration can be regarded as
the analogon to item transpositions on the level of fea-
tures—features move to a new list position and thereby
become associated to a new item. Evidence for feature
migration comes primarily from studies of the serial
recall of nonwords, where illicit intrusions of extrane-
ous features cannot be repaired by word knowledge
(Gathercole, Pickering, Hall, & Peaker, 2001; Jefferies,
Frankish, & Lambon Ralph, 2006). Page, Madge,
Cumming, and Norris (2007) have presented evidence
suggestive of feature migration with words: Serial recall
was impaired when the list contained “Spoonerisms”,
that is, word pairs for which an exchange of their onset
phonemes generates two other words. Conjunction errors
in working memory have also been demonstrated for
faces and compound words (Reinitz & Hannigan, 2004;
Reinitz, Lammers, & Cochran, 1992). No study so far
has looked for feature migrations from representations
used in a concurrent processing task into memory
representations.

Feature overwriting

Feature overwriting has been introduced as a mecha-
nism of forgetting in primary memory by Nairne (1990)
in the context of his feature model. This model assumes
that items are represented as vectors of features with val-
ues +1 or —1. When two successive items on a list share
a feature, that feature is probabilistically overwritten
(i.e., set to 0) in the first item. Oberauer and Kliegl
(2006) extended this mechanism in their model of work-
ing memory capacity, assuming that all items held con-
currently in working memory overwrite each other’s
shared feature with some probability. Hence, the more
items are held in working memory simultaneously, and
the more they overlap, the more each item’s representa-
tion is degraded, thereby posing a limit to the capacity of
working memory. Oberauer and Kliegl also offered a
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theoretical rationale for feature overwriting. Following
other authors (Hummel & Holyoak, 1997; Raffone &
Wolters, 2001; Shastri & Ajjanagadde, 1993), they
assumed that features are represented by oscillating
units. Features belonging to the same item are bound
together by oscillating in synchrony, whereas features
belonging to different items or objects oscillate in differ-
ent phases. A feature unit cannot oscillate in two differ-
ent phases at the same time, and therefore it cannot
belong to two items at the same time. If each feature is
represented by only one unit, this implies that whenever
two items in working memory share a feature, only one
can have it. If each feature is represented by a pool of
identical units, two items sharing a feature have to share
that pool, thereby leading to a weakened representation
of that feature in the representations of both items.
Binding by synchrony, feature overwriting, and feature
migration are illustrated in Fig. 1.

Direct evidence for feature overwriting is scarce. The
main challenge for a convincing demonstration is to dis-
tinguish feature overwriting from similarity-based con-
fusion. These two kinds of interference differ in subtle
ways: similarity-based confusion of whole items is a
function of pairwise similarity between the items poten-
tially confused. Two highly similar words, for example,
share the majority of their phonemes (e.g., “‘beat—
beast”, “gran—gram”, “murk—mark”). In addition,
high pairwise similarity requires that the phonemes in
both words occur in largely the same order. The high
degree of feature overlap between pairwise similar items
implies that they would also be expected to interfere
with each other strongly through feature overwriting.
Overwriting, however, does not require pairwise similar-
ity. A high degree of feature overlap can also be gener-
ated in a distributed way, such that a target word
shares all its phonemes with other words, but the over-
lap is distributed over several words. For instance, the
target word “‘cake” has four phonemes (kelk), which
are spread over the four words optic (‘optik, sharing
the last two phonemes), layette (ler'et, sharing the three
middle phonemes), fork (fo:k, sharing the last phoneme)
and ankle (‘@nkl, sharing the next to last phoneme). In
addition, the position of overlapping phonemes is irrel-
evant for feature overwriting. As a consequence, we
can create constellations of high feature overlap between
a target item and several interfering items while at the
same time keeping the pairwise similarity between the
target and any interfering item low. With this constella-
tion, the feature overwriting hypothesis predicts interfer-
ence but the similarity-based confusion hypothesis does
not.

To our knowledge, no experiment has so far demon-
strated feature overwriting between memory list items.
Thereis, however, evidence for overwriting between mem-
ory items and distractors involved in a processing task in
the retention interval. In a set of experiments we asked

Word list: Drum Pub Reel
Phonemes: drVm pVb ril

Firing patterns of units:

position 1 I I I

position 2 | | |

position 3

gl | |

r

V _l=>l || ||

Fig. 1. Illustration of feature migration and feature overwrit-
ing. Features are represented by oscillating feature units, and
serial positions are represented by position units; each hori-
zontal line represents a small time interval in the firing history
of a unit, with small vertical bars representing a firing spike.
Feature units are bound together, and bound to a serial
position, by firing in synchrony. Feature units belonging to the
same item fire in synchrony with each other, and with their
position; feature units belonging to different items fire out of
sync. The memory list currently encoded, consisting of three
words, is displayed at the top. The words “drum” and “pub”
share one phoneme (denoted V in the phonological transcript);
the units coding this phoneme are first bound to the position of
“drum” but later grabbed by “pub”, thus their firing phase is
shifted (as indicated by the continuous-lined arrows) into
alignment with the position unit, and the remaining feature
units, of “pub”. As a result, “drum” loses this feature, it is
overwritten. “Drum’ also shares one phoneme with “reel”’; this
phoneme, however, remains with “drum” and therefore is
missing in the representation of “reel”. The representation of
“reel” thus suffers from proactive overwriting. Feature migra-
tion is illustrated for the phoneme i, the firing phase of which
spontaneously drifts (indicated by the broken-lined arrows) into
alignment with the phase of “drum”. If the vowel replaces the
original vowel in “drum” (which, incidentally, has just been
overwritten), it turns this item into a new word (“dream”),
which is likely to be recalled in error, because it cannot be
recognized as an artefact of feature migration.

participants to remember short lists of words or nonwords
in order, and to read aloud a further set of words or non-
words in the retention interval (Lange & Oberauer, 2005).
The phonemes of one target item on the memory list were
repeated at least once throughout the distractors, whereas
the phonemes of the remaining memory items were only
rarely repeated in other items used in that trial. The target
items were recalled less well than the control items, as
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would be expected if the target items lost some of their
phoneme representations to the distractors that claimed
the same phonemes.

The purpose of the present investigation is to distin-
guish the three hypothetical mechanisms of interference
and test whether they operate in verbal working mem-
ory. Experiment 1 contrasts pairwise similarity and dis-
tributed overlap in the same experiment, using the
paradigm in which we previously observed feature over-
writing with distributed overlap (Lange & Oberauer,
2005), and the very similar paradigm in which we failed
to find an effect of phonological similarity between mem-
ory items and materials in a processing task (Oberauer
et al., 2004). Experiment 2 tests for feature overwriting
and feature migration within memory lists of a serial-
recall task without distracting activity.

Experiment 1A

In the first experiment, we compared pairwise simi-
larity and distributed overlap in a dual-task combina-
tion of storage and processing. Both relations were
manipulated between words of a memory list and the
words of the processing task; the latter words had to
be read aloud in the retention interval and will therefore
be referred to as the reading list. In each memory list of
five words, there were three critical words: the similarity
target (T-SIM), which had high pairwise similarity to
one of the words on the reading list, the overlap target
(T-OVER), with a distributed overlap relation to the
reading list, and a non-target control word (NT), which
had low pairwise similarity to, and little feature overlap
with, all other words involved in the trial.

The confusion account of representational interfer-
ence predicts that words with high pairwise similarity to
a secondary-task word (T-SIM) would be recalled worse
than the control words (NT), but recall of words with
low pairwise similarity but high distributed overlap (T-
OVER) should not be impaired. The feature overwriting
account predicts that both T-SIM and T-OVER should
be impaired relative to NT, because both target words
have a higher degree of overlap with the reading-list words
and therefore should suffer from more overwriting.
Unfortunately, it is not possible to construct words with
high pairwise similarity but low overlap.

In most experiments investigating the phonological
similarity effect, similarity has been manipulated on the
basis of intuitive judgments by the experimenter. To put
manipulations of pairwise similarity on a more objective
basis, Graf, Braun, Jacobs, and Hellbriick (2002) devel-
oped a measure of phonological similarity between word
pairs, taking different word length into account:

(Pw — |Pw — Pp|) « Pwp . (PPwp + 1) * 100

PS =
5 Pw’ Pwp + 1

(1)

where PS refers to phonological similarity, Pw is the
number of phonemes in the target word, Pp is the num-
ber of phonemes in the reference word, Pwp refers to the
number of phonemes shared by target and reference,
regardless of their positions, and PPwp is the number
of shared phonemes in the same position.

The equation consists of two terms. The first term
determines the overlap of phonemes between a target
and a reference regardless of the positions of phonemes,
but considering the length of both words. The second
term captures overlap of phonemes in the same position,
counting positions from the beginning to the end of a
word. Using this metric to manipulate different degrees
of similarity, Graf et al. (2002) showed that the phono-
logical similarity effect increased monotonically with the
average similarity between all pairs of words in a mem-
ory list. Because this similarity computation seemed to
work well, we used it in our experiment.

Methods

Participants

Forty students of the University of Potsdam, Ger-
many, three students of different high schools of Pots-
dam (grade 9 to 13), and two trainees volunteered to
participate in the experiment in exchange for a small
honorarium or course credits. Participants were assigned
to one of three groups in a rotating scheme. One of the
participants had to be excluded from analysis, because
he or she did not conduct the reading task according
to instructions, leaving data from 44 participants for
analysis. For all participants German was the native
language.

Design and material

Each of the 60 test trials consisted of a memory list of
five words and a reading list of four words. Each mem-
ory list consisted of three critical words and two filler
words. One critical word, T-SIM, had high pairwise sim-
ilarity to one reading list word and low pairwise similar-
ity to all other words in the memory list and the reading
list. Another critical word, T-OVER, bore a relation of
high distributed feature overlap to the reading list but
had low pairwise similarity to all items in both lists.
The third critical word was a non-target control word
(NT) that had low pairwise similarity and low overlap
with all other words of both lists. The remaining two fil-
ler words in the memory list also had low pairwise sim-
ilarity and low overlap relation with all other words in
the trial.

Three sets of materials were prepared, each assigned
to one of the three groups of participants. The memory
lists were identical in the three sets, but associated with
three different reading lists. The reading lists determined
which roles each of the three critical words in the mem-
ory list played in the experimental design. For conve-
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nience we label the three critical words C1, C2, and C3
in arbitrary order. The first reading list was composed
such that C1 had the role of T-SIM, C2 had the role
of T-OVER, and C3 had the role of NT. The second
reading list was built to assign C2 the role of T-SIM,
C3 the role of T-OVER, and C1 the role of NT. Finally,
the third reading list was assembled such that C3 had the
role of T-SIM, CI took the role of T-OVER, and C2 fig-
ured as NT. In this way the role of the critical words in
the experimental design (T-SIM, T-OVER, or NT) was
not confounded with any features of particular words
that might affect recall probability, such as word length,
word frequency, or imageability.

Serial positions of the memory list words were ran-
domised for each participant and each trial, with the
constraint that each of the critical words occupied each
serial position equally often for each participant. Serial
positions of the reading list words were also randomized.

Lists consisted of one-syllable and two-syllable words.
A pool of 2273 German nouns was used to build the lists.
Each word was converted to its phonological transcript,
using the Oxford Superlex, an electronic dictionary by
Oxford University Press. The dictionary distinguished
48 phonetic symbols, which we reduced to 41 categories
of sounds by assigning several phonetic symbols to the
same category (e.g., allophones). Lists were generated
by a computer program, which started by choosing mem-
ory list items at random from the pool and computing
pairwise phonological similarity values between them
using Eq. (1) (Graf et al., 2002). Overlap positions in
Eq. (1) are numbered from the first to the last position,
which underestimates similarity of items agreeing in the
end positions when target and reference differ in word
length (e.g., “theme” and “phoneme”). Therefore, the
computation was carried out twice, once counting posi-
tions forwards and once counting them backwards, and
the higher value was taken as the similarity value PS. Dis-
tributed overlap was computed by counting the propor-
tion of phonemes of the target that occurred in any
word of the reading list, excluding overlapping phonemes
in the same position to tease apart the overlap metric and
the similarity metric as much as possible. Memory-list
words were selected such that all their pairwise similarities
were PS < 20, and each word shared less than 20% of pho-
nemes with any other word in the list.

Next, reading lists were assembled such that the critical
words from the memory list fulfilled the criteria for their
roles as T-SIM, T-OVER, and NT, respectively. A word
qualified as T-SIM if its similarity with one word on the
reading list exceeded 70 on the PS scale. A word qualified
as T-OVER if all its phonemes were used in the reading list
at least once, and its pairwise similarity with each reading-
list word was less than 30. Also, reading-list words sharing
more than three phonemes in successive positions with T-
OVER were excluded. A word fulfilled the criteria for NT
if its pairwise similarity to all reading-list words was

PS < 30, and at the same time less than 30% of its features
were overlapped by the reading list.

After the automatic generation of the experimental
lists, we fine-tuned the material by hand to correct some
deficiencies of Eq. (1). For instance, consider the word
pair “intent” and “entrance”. Three phonemes of neigh-
boring positions at the end of “intent” overlapped with
three phonemes of the beginning of the reference
“entrance”. The overlapping phonemes, however, do
not share the same intra-word positions, leading to a
comparatively low value for the second term of Eq.
(1), which ignores matching sequences of phonemes
when they are not in the same position. In addition,
we considered that syllable structure and stress play a
role for pairwise phonological similarity (Drewnowski
& Murdock, 1980). Therefore, we decided to rate the
automatically generated lists to screen out lists that did
not meet the following criteria: Words that should have
high pairwise similarity (i.e., T-SIM and its counterpart
in the reading list) were required to have the same num-
ber of syllables. Words that should have low pairwise
similarity (i.e., T-OVER with all the reading-list words)
should not share a sequence of more than 2 successive
phonemes, should not share a complete syllable, and
should not be rated as phonological similar by the rat-
ers. Moreover, we attempted to minimize any semantic
relations between the words of a memory list. Three
experts judged every list according to these criteria. Lists
were selected for the experiment if there was consensus
that they met the criteria. We had to run the computer
program, which generated the 3 x 60 trials, nine times
to put together the experimental lists. Table 1 summa-
rizes the proportion of overlap (i.e., the proportion of
memory item features repeated at least once in one of
the distractors), the similarity of memory items with
the most similar distractor, and the mean similarity of
memory items with the four distractors, for T-SIM, T-
OVER, and NT words in the final set of trials.

Procedure

Participants were tested individually in a quiet room.
A written test instruction informed them about the pro-
cedure of the experiment and about two conditions they
should meet. First, they were asked to use an articula-
tory rehearsal strategy for the memory task. This
instruction was given because Hanley and Bakopoulou
(2003) have shown that the phonological similarity effect
disappears when participants are instructed to use a
semantic encoding strategy.”> Second, participants were

2 An unpublished experiment in which we did not instruct
participants to use a particular strategy failed to replicate the
effect of distributed feature overlap of Lange and Oberauer
(2005), and we suspected that the main reason for this was that
participants used a non-phonological encoding strategy to
reduce interference from the reading task.
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Table 1
Mean similarities and overlap proportions between memory list words and distractors in Experiment 1 (SD in parentheses)
Target Target Non-target
T-SIM T-OVER Control
Proportion of overlap 84.1 (11.6) 100 (0) 14.7 (11.9)
Similarity with most similar distractor 76.1 (2.2) 20.7 (4.0) 6.4 (6.7)
Mean similarity with distractors 23.5(3.7) 12.7 (3.1) 1.6 (1.7)

instructed to say aloud the reading-list items clearly, but
in a relaxed manner and not very loudly. To ensure that
participants conducted the reading task we recorded
their verbalization with a dictating machine with a
highly sensitive built-in microphone (SONY portable
dictator BM23).

The experiments started with 6 practice trials, fol-
lowed by 6 blocks of 10 test trials each. Presentation
order of the 60 test trials was randomised between par-
ticipants. At the beginning of each trial a rectangular
frame was displayed in the upper half of the screen
1000 ms before presentation of the first memory list
word. The five memory-list words were displayed
sequentially in this frame, 1000 ms per word, each fol-
lowed by a 200 ms blank interval. The frame and the
memory-list words were turquoise on a black back-
ground. After memory list presentation the screen went
blank for 1500 ms, followed by the display of a second
rectangular frame on the lower half of the screen, in
which the words of the reading task were presented
one by one. The frame and the reading-list words were
coloured pink. Each word had to be read aloud. When
participants pressed the space bar the next word
replaced the previous one. After the last reading-task
word a yellow question mark was shown, and partici-
pants were to recall the memory list serially by writing
the words into five horizontally ordered slots on an
answer sheet. They were instructed to place each word
into its correct serial position, and to mark omissions
by a dash or leave the slot blank. After finishing their
recall attempt, participants could start the next trial by
pressing the key “w” for the German word ‘“‘weiter”
(English: “next”). The duration of the experiment was
approximately one hour.

Scoring

We listened to every record of the reading task, spot-
checking several time periods to ensure that participants
followed the instruction to read throughout the experi-
ment; this was the case for all participants. We examined
13 records selected at random thoroughly, scoring the
accuracy of reading on each trial. Participants reading
less than 80% of the trials correctly were excluded from
analysis; this was the case for one participant.

Recall responses were categorized into one of the fol-
lowing answer types: correct, omission, transposition

(= order error), intrusion from the current trial’s read-
ing list, intrusion from the preceding memory list or
reading list, and other errors. Answers of the last cate-
gory were judged by two raters for being semantically
related to the to-be-remembered word, phonologically
related, or unrelated. The two rates agreed in 89.8% of
all 694 cases. One of the ratings was chosen at random
for analysis. The proportions of responses falling into
each answer type (except the residual category of unre-
lated extra-list words) were submitted to pairwise com-
parisons of the two target types with the non-target
control. An alpha level of .05 was used in all statistical
tests. The effect size is given as eta squared (7%). Analyses
were two-tailed.

Results

The proportion of recall responses falling into each
category is given in Table 2. As predicted by the over-
writing hypothesis, the proportions of correct recall of
both target types were lower than that of non-target
control words, with 7(43) =2.74, p < .01, #* = .149 for
T-SIM, and #43)=3.79, p<.001, 4*=.251 for T-
OVER. Contrary to the confusion hypothesis, which
would predict a performance decrease for T-SIM but
not for T-OVER, correct recall of these two target types
did not differ, #(43) = .354, p = .73, 5> = .003.

In accordance with the confusion hypothesis, how-
ever, the proportion of intrusions from the reading list
was larger for T-SIM than for the non-target control,
(43) = 5.68, p <.001, n*> = .428, whereas no difference
in intrusion proportions was found for T-OVER com-
pared to NT, < 1. To be more precise we established
how often the critical word of the reading list was
recalled instead of the T-SIM that it was similar to, com-
pared to how often the same reading-list word replaced
T-OVER or NT. The critical word replaced T-SIM in
1.17% of all trials, but it replaced T-OVER in only
0.49% of all trials, and NT in 0.53%. These differences
were significant, with #(43)=2.16, p <.05, #*>=.098
for the comparison of T-SIM and NT, and
#(43) = 2.25, p<.05, > =.105 for the comparison of
T-SIM and T-OVER.

For the remaining seven response categories there
were no predictions. Therefore, we applied a Bonferroni
adjustment to the 14 t-tests for comparisons between
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Table 2
Mean proportions of response categories in Experiment 1

T-SIM  T-OVER

Non-target control

Correct 66.36 65.99 69.13
Omissions 18.49 19.81 17.96
Transpositions 6.40 5.83 6.02
Intrusion RL 3.26 1.10 0.91
Intrusion PML 0.42 0.46 0.42
Intrusion PRL 0.27 0.30 0.19
Phonological 2.99 4.66 3.45
Semantic 0.23 0.27 0.27
Other 1.59 1.59 1.67

Note: The sum of each column equals 100%. Correct, words
recalled at their correct serial position; Transpositions, recall of
a list item in wrong position; Intrusion, intrusions from other
sources than the memory list (RL, reading list; PML, previous
memory list; PRL, previous reading list); Phonological, pho-
nologically related errors; Semantic, semantically related errors.

each of the two targets and the non-target involving the
error proportions. This resulted in no more significant
differences. Applying a non-adjusted alpha level, T-
OVER differed from NT in the proportion of omissions,
1(43) =2.18, p = .035, > = .099, and in the proportion
of phonologically related wrong answers, #(43) = 2.58,
p=.013, * = .134.

Phonological similarity effects within memory lists
often differ for item and for order errors in serial recall
(e.g., Fallon, Groves, & Tehan, 1999; Karlsen & Lian,
2005), and rhyming items seem to have a special status,
often resulting in better item memory compared to dis-
similar lists (e.g., Nimmo & Roodenrys, 2004). There-
fore, we conducted additional analyses investigating
whether similarity between memory items and distrac-
tor items followed a similar pattern. Item recall is
defined as probability of correct recall of a memory-list
item independently of its position. Order recall is
defined as the conditional probability of recalling an
item in its correct serial position, given that it has been
recalled at all.

Item recall of both targets was worse than that of the
non-target control, with #(34) = 2.20, p < .05, * = .101
for T-SIM, and #(34) = 3.51, p < .01, > = .223 for T-
OVER. Mean item recall was 72.77% (SD = 17.78) for
T-SIM, 71.82% (SD=18.20) for T-OVER, and
75.15% (SD =16.97) for NT. There was no difference
between any of the targets and the non-target control
with regard to order recall, both #s <1.6. Mean order
recall was 89.84% (SD =9.18) for T-SIM, 90.15%
(SD =10.48) for T-OVER, and 91.07% (SD = 8.26)
for NT. Thus, the adverse effects of similarity and of
overlap were both due to impaired item memory.

In the pairwise similarity condition some of the
T-SIM items rhymed with their corresponding word in
the reading list. Across the three groups of participants

between 30% and 43% of all similar word pairs were
rhyming pairs. These pairs were analysed separately
and compared with non-rhyming pairs of similar items.
Rhyming and non-rhyming T-SIM items differed neither
in recall accuracy nor in the distributions of error

types.
Discussion

Both pairwise similarity between memory items and
the reading-task items, and distributed feature overlap,
led to a performance decrement in serial recall of about
the same size. Because T-SIM and T-OVER had
roughly the same degree of phonemic overlap with
the reading list, this result would be expected if interfer-
ence between memory and reading aloud is largely dri-
ven by overwriting of phonemic features. If interference
were largely due to item confusion, T-SIM items should
be recalled worse than T-OVER, because only the for-
mer were highly confusable with any reading-list item.
Both pairwise similarity and feature overlap had their
effect only on item recall, there was no apparent effect
on recall of serial order. This finding is again consistent
with feature overwriting: Overwriting degrades the rep-
resentation of items, thereby making the recovery of its
identity difficult, but it does not shift the remaining fea-
tures of an item to a different serial position. The find-
ing that pairwise similarity led to more intrusions than
in the control condition, whereas more omissions
occurred in the case of distributed overlap, suggests
that item confusion does play an additional role besides
feature overwriting. This role cannot have been very
strong, however, because the proportion of intrusions
from the reading list was small, and accuracy of
T-SIM was not pulled down to a level below that of
T-OVER.

The negative effect of distributed feature overlap on
recall accuracy replicates previous results (Lange &
Oberauer, 2005). Our finding of a negative effect of pair-
wise similarity, however, differs from the experiment of
Oberauer et al. (2004), in which a very similar manipu-
lation of similarity between memory-list words and
reading-list words did not produce increased interfer-
ence, despite larger statistical power (N = 120) than in
the present experiment. The experiments differ, among
other things, in the extent of control over the phonolog-
ical features of memory items and reading-list items and
the relations between them. The tight control in the
present experiment may have made the manipulation
of pairwise similarity stronger, because the similar pairs
stood out against a background of items that were
intentionally made dissimilar. Possibly more relevant,
the present experiment implied a stronger difference in
feature overlap between T-SIM and NT items, because
feature overlap was minimized for NT items. In our pre-
vious study we took no measures to minimize feature
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overlap in the condition with low pairwise similarity. A
reanalysis of the material of Oberauer et al. (2004) con-
firms this: the proportion of phonemes of memory
words that overlapped with any of the reading-list
words was 67 in the high similarity condition and 43
in the low similarity condition. This contrast is much
smaller than the one realized here (T-SIM: 84, NT:
15). This comparison does not yet take into account
the feature overlap between memory items, which was
minimized in the present experiment but not in Obe-
rauer et al. (2004). A further difference between the
two studies is that here we instructed participants to
use articulatory rehearsal, whereas no such instruction
was given by Oberauer et al. (2004). In the Oberauer
et al. (2004) study a small but significant effect of seman-
tic similarity between memory-list words and reading-
list words was observed, suggesting that a substantial
part of participants has abandoned phonological encod-
ing of memory items in favour of semantic encoding.
This could explain why no effect of phonological simi-
larity was found in that study.

It could be argued that, despite our efforts to mini-
mize pairwise similarity between T-OVER and any of
the distractors, the adverse effect of distributed overlap
can still be explained by similarity-based confusion or
competition between items for recall. The T-OVER
items bear a low but non-negligible similarity to all
four reading-list items, due to their shared features,
and thus they compete for recall with four distractors
that, although weak individually, collude to interfere
with the target item. We think this explanation is unli-
kely because the T-OVER items’ mean pairwise simi-
larity to the reading-list words was only half as large
as that of the T-SIM items (see Table 1). This asser-
tion, however, depends on the validity of the similarity
metric we used. We conducted Experiment 1B to
obtain independent evidence on the pairwise similarities
between T-SIM, T-OVER, and NT words and the cor-
responding distractor words from similarity ratings. In
addition, in Experiment 2 we made a further attempt to
show interference through feature overwriting, this time
using letters to overwrite words, because it is extremely
unlikely that letters would be confused with words, or
would compete with words for recall.

Experiment 1B

We collected subjective similarity estimations of
word pairs from Experiment 1A to obtain validation
for our contention that pairwise similarity between
T-SIM and the corresponding similar distractor was
substantially larger than the pairwise similarity between
T-OVER and any of the distractors. The similarity rat-
ings for pairs involving T-OVER should be very close
to those for pairs with NT words.

Methods

Participants

Three hundred and thirty-two volunteers partici-
pated in the experiment, which was conducted via the
internet. Participants did not get reimbursement for
their participation, but were thanked for helping the
psychological research of the University of Potsdam.
Advertisements for this survey were posted at several
web sites (http://genpsylab-wexlist.unizh.ch, http://www.
psych.uni-potsdam.de/cognitive/weblab/index-d.html,
http://www.w-lab.de). There were 228 female and 104
male participants. Average age was 28 years (based on
329 answers, 3 participants filled in unrealistic ages).
Sixty participants reported professional activity in
Experimental Psychology and 54 stated of being inter-
ested in Experimental Psychology as a hobby; 119 had
participated in a psychological experiment before. High-
est educational degree of the volunteers was mainly high
school, college or university (89%).

Materials and apparatus

The material of Experiment 1A consisted of 180 crit-
ical words that occurred in different roles (T-SIM, T-
OVER, and NT) in the three groups of participants; in
the present experiment, we obtained similarity ratings
for all 180 words in each of its roles. That is, each word
was paired with its similar distractor when it had the role
of T-SIM, it was paired with each of the four distractors
when it had the role of T-OVER, and paired with each
of the four distractors when it had the role of NT. Thus,
each word was paired with a total of nine other words.

Because an internet experiments has to be very short
to minimize attrition, we gave each participant 60 word
pairs to rate, 20 T-SIM pairs, 20 T-OVER pairs, and 20
NT pairs. Because there were four times as many T-
OVER pairs and NT pairs as there were T-SIM pairs,
the T-SIM pairs were rated four times as often as the
other pairs. The 180 T-SIM word pairs of each group
were randomly divided into nine sets of 20 pairs, and
the 720 T-OVER pairs were randomly divided into 36
sets of 20, as were the 720 NT pairs. We then combined
each T-OVER set with one NT set and with one T-SIM
set, using the T-SIM sets repeatedly in a rotating
scheme. This resulted in 36 sets consisting of 20 T-SIM
pairs, 20 T-OVER pairs, and 20 NT pairs. Each partic-
ipant was assigned one of these 36 sets at random. The
pairs were presented in a new random order for each
participant. The experiment was programmed by a com-
bination of html, php and java script.

Procedure

Participants were informed that the experiment was
about phonological similarity of words, and that they
should estimate whether two words sounded similar or
not. They were asked to imagine the sound of the words
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before giving the estimation. Similarity was judged by a
7-point-scale from (1) “not similar” to (7) “very simi-
lar”, assigned to 7 buttons arranged from left to right
on the screen. Participants could change a once given
estimation, but it was not possible to skip a pair. Trials
were arranged in tables, with one line for each trial,
divided into two columns. In the left column the word
pairs were written and in the right column the 7 buttons
for the estimation were displayed. All participants
worked through the same 5 practice trials, which were
chosen to demonstrate the whole range of possible sim-
ilarities. Practice pairs were not repeated in the experi-
mental trials. The 60 test trials were presented on six
pages of 10 trials each; the order of the 60 trials was
determined at random for each participant. After the
estimation participants were asked to provide some per-
sonal information, including age, sex, and the highest
educational qualification.

Results and discussion

We analyzed the similarity ratings as a within-sub-
jects design using the 180 words as cases and their role
(T-SIM, T-OVER, and NT), which is represented in
the pairing with distractor words, as independent vari-
able (because 7 words were repeated among the 180 crit-
ical words, we collapsed ratings for them, resulting in
N = 173 for the analysis). On a scale from (1) “not sim-
ilar” to (7) “very similar” the mean rating for T-SIM
pairs were 5.11 (SD =.99), for T-OVER pairs was
1.45 (SD = .24), and for NT pairs was 1.14 (SD = .11).
The T-SIM pairs were rated as more similar than the
T-OVER pairs, 1(172) =47.29, p <.000, n* =929, as
well as the NT pairs, #(172)=52.38, p<.000,
n? = .941. The rated similarity of the T-OVER pairs
was still significantly higher than that of the NT pairs,
1(172) = 16.03, p <.000, #* = .599. Whereas word pairs
formed to create pairwise similarity (T-SIM pairs) were
judged as very similar, word pairs built to create distrib-
uted overlap (T-OVER pairs) were estimated as much
less similar; their similarity was judged to be just slightly
higher than that of NT pairs. Therefore, the recall com-
petition from reading-task words was not much higher
for T-OVER target words than for NT words in Exper-
iment 1A, but it was substantially higher for T-SIM
words. Nonetheless, T-OVER and T-SIM words suf-
fered an equal amount of interference from the distrac-
tor words. This interference, therefore, is unlikely to
be due to confusion or response competition between
similar items.

Experiment 2

Experiment 2 had three goals. First, we asked
whether feature overwriting could also be observed

between items of a memory list. The classical phonolog-
ical similarity effect refers to similarity among memory
list items, whereas the feature overlap effect so far has
been demonstrated only for overlap between memory
items and items used in a distractor task. If we succeed
in demonstrating feature overwriting within memory
lists, the classical phonological similarity effect could
be in part due to feature overwriting, because higher
similarity typically implies a larger amount of feature
overlap. The second goal was to test for feature over-
writing in conditions in which confusion of items is very
unlikely. Therefore, we used memory lists consisting of
four words followed by four consonants. One word’s
features were overlapped by the consonant phonemes
of the letters, thus becoming a potential target for fea-
ture overwriting. At the same time people would hardly
be tempted to recall a letter instead of a word. The
third goal was to investigate whether feature migrations
also contribute to interference in working memory. To
this end, a second word was chosen as the target for
feature migration—it was selected such that many other
words would be created by replacing one of its pho-
nemes by a consonant phoneme from the letters. We
call the words that could be created in this way induced
neighbors, because they are neighbors of the target
word in the lexicon that are potentially induced by let-
ter features migrating into the target word. We predict
that, if feature migration occurs, the migration target
will be recalled less accurately than a control word with
fewer induced neighbors. The reason for this prediction
is that feature migration from the letters into the migra-
tion target word is likely to produce another word,
whereas migration into the control word is more likely
to produce a nonword. People know that there were
four words on the list but no nonwords, so if during
recall a nonword is retrieved, they would not produce
it but rather search for the closest word for output, a
search that could lead to the correct word. If the out-
come of retrieval is a word, however, there is no reason
to hold it back. Therefore, if feature migration turned
the representation of the migration target into one of
its neighbors, this neighbor is likely to be recalled in
error.

Methods

Participants

Thirty native speakers of English participated, 21
female and 9 male. Seventeen were undergraduate stu-
dents at the University of Bristol, England; 6 were post-
graduate students, 4 research assistants, 2 secretaries
and 1 college student. Mean age was 21.9 years, ranging
from 18 to 28 years. Ten participants received course
credit for participating and 20 were reimbursed with
£7. Paid volunteers were recruited through an experi-
ment advert posted on the university website.
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Materials

Ninety six sets of 4 words followed by 4 consonants
were constructed. The words were selected from a pool
of 500 words that were nouns, verbs or adjectives and
had low emotional meaning (as rated by the authors).
All words had frequency (CELEX total) greater than 2
per million, and subjective familiarity and imageability
(MRC) greater than 300, as determined by N-watch
(Davis, 2005).

In each list there were two target and two control
words. In particular, in each trial three of the four con-
sonants overlapped with the phonemes in one of the tar-
get words, called the overlap target. Phonological
overlap of these consonants with the other three words
was minimized. The second target word, called the
migration target, could be turned into a new word
(i.e., a phonological neighbor) if one of its phonemes
was replaced by one of the consonant phonemes of the
letter set. Three of the four consonants in the letter set
could form a phonological neighbor of the migration
target if they replaced one of its phonemes. The fourth
consonant was a filler letter included to make the exper-
imental manipulation less obvious; it was randomly cho-
sen from the alphabet with the constraint that it had no
phonological overlap with any of the four words. For
example, a list would be “beer, fond, vote, silk, N, D,
P, F”. The first word is the migration target—among
its neighbors induced by inserting the consonants in
the second part of the list are “bean”, “beef”, “deer”,
and “fear”. The second list word is the overlap target;
all three of its consonant phonemes are overwritten by
the letters N, D, and F (the letter P is the filler letter).

All induced phonological neighbors had frequency
(CELEX total) greater than 2 per million. It was also
ensured that in each trial only the migration target
had neighbors induced by the letter set, whereas no
neighbors of the overwrite target were induced by any
of the three non-filler consonants. The phonological
neighbors of all words used in the lists were found with
the help of N-Watch (Davis, 2005), which also served to
determine their frequencies. We did not use the neigh-
bors offered by N-Watch directly because they are
orthographic rather than phonological neighbors.
Instead, we first converted all words in N-Watch into
their phonological transcripts, using the DISC transcrip-
tion, which has the advantage of coding each phoneme
by exactly one symbol. We then listed all phonological
neighbors for each word, that is, all words whose DISC
transcript differed in exactly one symbol from the source
word. From this list, we created 96 pairs of target words,
combined with three consonants, such that one word
would have the role of the migration target (i.e., the
three consonants induced phonological neighbors of
that word), and the other word took the role of the over-
lap target (i.e., the same three consonants overlapped

the consonants of that word). These pairs constituted
the two target words for the lists.

In the next step each target word was paired with
one control word. The 96 overlap targets were used
as overlap controls in other lists, and likewise, the 96
migration targets were used as migration controls in
other lists. A computer program assembled the 96 lists
such that the overlap of each control word with the let-
ters, as well as with other list words, was minimized,
and at the same time both control words had a mini-
mum of induced neighbors. In this way, each set of tar-
get words acted as its own control across the set of 96
lists, such that any difference in recall accuracy between
targets and their corresponding controls cannot be due
to differences in the characteristics of the words, but
must be due to the list context of the words, that is,
the degree of overwriting and the number of induced
neighbors. The resulting lists had the following proper-
ties: 72 of the 96 control words for migration targets
and 57 of the control words for overwrite targets had
no overlap at all with any other list element. The mean
number of neighbors induced by any other phoneme
on the list was 4.93 for the migration targets, 0.26
for the overwrite targets, 2.28 for the migration con-
trols, and 0.83 for the overwrite controls. The relatively
high number of induced neighbors for migration con-
trols reflects the fact that these words were selected
for having relatively many neighbors in the language,
so that it is hard to avoid inducing at least some of
them. Still there were nearly three more neighbors
induced, on average, for the migration targets than
for their controls.

Procedure

The 96 lists were presented in a new random order for
each participant. Within each list, the consonants always
followed the words, but the order of the four words and
the order of the four consonants were determined at ran-
dom, with the constraint that the first consonant must
not be the initial letter of the overwrite target. This con-
straint was introduced to conceal the nature of the over-
write manipulation.

Each trial started with a fixation cross placed in the
middle of the screen followed by a set of four words
and four consonants that were displayed one by one in
the middle of a white screen. All items were presented
in black, words in lower case and letters in upper case.
Each item was displayed for 900 ms followed by a
100 ms blank screen. Immediately after presentation of
the items a prompt for recall was displayed in red. Par-
ticipants were instructed to read aloud the words and
letters as they were presented, and then recall them
aloud in the order of presentation. Whenever partici-
pants failed to recall an item they were asked to guess.
The experimenter kept a written record of individual
responses.
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After four practice trials, participants worked
through four blocks of 24 test trials. They were encour-
aged to take a short break after each block. At the end
of the experiment participants were asked what they
thought the experiment was about and whether they
noticed any association between the presented items.
No participant noticed a pattern in the stimuli.

Results

Table 3 presents an overview of the proportions of
words recalled correctly in position, and the proportions
of three categories of errors (i.e., order errors, item
errors that were phonological neighbours of the correct
word, and other item errors).> Overwrite targets were
recalled correctly less often than their controls,
#(29) = —3.14, p = .004. This result confirms the predic-
tion of interference through overwriting. Correct recall
was higher for the migration targets than for their con-
trols, #(29) = 3.39, p = .002. This finding is the opposite
of what we predicted on the basis of interference
through feature migration.

Both effects were entirely due to item recall (i.e., the
probability of recalling the correct list item anywhere
in the recall sequence). Percent item recall of overwrite
targets (M = 76, SD = 11) was smaller than that of their
controls (M = 80, SD = 10), #29) = —3.66, p = .001. A
larger percentage of migration targets (M =78,
SD = 10) was recalled than of their controls (M = 74,
SD=10), #29)=3.37, p=.002. Order accuracy,
defined as conditional probability of correct position,
given the item was recalled correctly, was between .87
and .88 for all four conditions, with no significant differ-
ences (both s <1).

If features from the letters migrated into the migra-
tion targets, thereby turning them into one of their
induced neighbors, we should find that migration targets
are more frequently replaced by one of their neighbors
in recall, compared to migration controls. This was
not the case: Migration targets were replaced by one
of their neighbors on 4.3% of all trials, and migration
controls on 4.4% of all trials.

Discussion

We replicated the interfering effect of distributed
feature overlap in a new paradigm that focuses on
interference between memory items, rather than on
interference from a distractor task on working memory

3 There were no omissions in this experiment because
participants were instructed to provide a response for each list
position, guessing when necessary. Semantically related
responses were very infrequent in Experiment 1, so we did
not count them separately here.

contents. Repeating three consonant phonemes of a
target word in the context of three different letters in
random order impairs item recall of the target word.
The use of letters as interfering material served to min-
imize confusion between the overwrite target and any
of the overwriting items (in fact, no participant ever
recalled a letter in place of a word). Therefore, we
can be confident that the effect was not due to confu-
sion between items, but rather must be attributed to
the interaction of the item’s features—in the present
case, the phonemes involved. Thus, the feature overlap
effect in this experiment provides the most compelling
evidence so far for overwriting of phonemic features
in verbal working memory. The fact that overlapping
features of items held in working memory simulta-
neously tend to overwrite each other implies that the
standard phonological similarity effect in serial recall
could in part be due to feature overwriting, rather than
item confusion.

Contrary to our expectations, a high number of
phonological neighbors induced by potential feature
migrations from other memory items did not impair
but improve item memory for the migration targets.
This is not what we would expect if phonemes from
the consonants migrated into these targets, turning
them into one of their neighbors. The help from
induced neighbors rather is reminiscent of the finding
that words with larger neighborhood size (i.e., more
neighbors in the language) are recalled better than
words with small neighborhoods (Roodenrys, Hulme,
Lethbridge, Hinton, & Nimmo, 2002; Thorn & Frank-
ish, 2005). One explanation of this effect is that neigh-
bors are co-activated in lexical-semantic long-term
memory, and this activation assists reproduction of
the correct item. Large neighborhood size also helps
speech production, and therefore the beneficial effect
of neighborhood size on serial recall arguably arises
because activated neighbors of the memory item con-
verge on the appropriate speech representation (Allen
& Hulme, 2006). The present contrast between migra-
tion targets and their controls holds neighborhood size
constant, because across all trials the targets and their
controls were the same words. The neighbors of the
migration targets, however, can be assumed to be more
active because they receive additional activation from
the letters concurrently held in working memory. For
example, the migration target “beer” would activate
the lexical representation of “beer”” in long-term mem-
ory, and also activate the lexical representations of its
phonological (and orthographic) neighbors to some
degree. When the letter “F” is held in working mem-
ory, it contributes additional activation to some of
these neighbors (i.e., “fear” and “beef”). Therefore,
at recall, the representations involved in producing
“beer” receive stronger support from these neighbors
compared to a list in which “F” was not present (i.e.,
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when “beer” acts as a migration control word). In this
explanation, the representation of “beer” in working
memory is not compromised by feature migration,
but rather, the effect of induced neighbors comes about
through the interaction of working-memory representa-
tions with corresponding representations in long-term
memory.

General discussion

We investigated the contribution of three hypotheti-
cal mechanisms of interference in verbal working mem-
ory: similarity-based confusion of items, overwriting of
phonemic features, and migration of phonemic features.
Experiment 1 looked at interference between “storage”
and “processing” in a dual-task paradigm, and Experi-
ment 2 focused on interference between items in a
serial-recall task.

Similarity-based confusion

There is strong evidence for similarity-based confu-
sions between items within a memory list: lists of phono-
logically similar items are recalled worse than lists of
dissimilar items, and the effect is largely due to an
increase in order errors (e.g., Henson et al., 1996; Lee
& Estes, 1977). Less clear is whether confusion of items
also contributes to interference between memory con-
tents and a concurrent processing task; with some
authors finding an effect of phonological similarity
between memory items and the material of the process-
ing task, and others finding no effect. In Experiment 1,
we found that pairwise similarity between a memory
item and an item read aloud in the retention interval
impaired recall of the memory item. This finding is in
contrast to a previous failure to find such an effect in a
very similar paradigm, using a large sample (Oberauer
et al, 2004). One explanation for the discrepancy
between these findings, and for the ambiguity of findings
on this question in general, is that the effect of phonolog-
ical similarity between memory items and distractors
used in the processing task is largely mediated through
feature overwriting, not through confusion of whole
items. Therefore, the effect would become noticeable
only if the control condition involves very little feature
overlap, as was the case in the present Experiment 1.

Why should similarity-based confusion within mem-
ory lists play a large role in generating recall errors, but
be virtually absent between memory items and process-
ing material? Confusion between items can only occur
when both members of a similar pair are candidates for
recall. The large proportion of order errors in serial recall
shows that people often know whether an item was part
of the memory list even when they forgot its position.
Confusions between similar list items come about

because both items are known to be elements of the mem-
ory list, so they both qualify as candidates for recall. One
way of remembering the list items without remembering
their order is to activate their representations in long-
term memory. [tems figuring in the processing task might
not enter the competition for being chosen for recall
because they are excluded from the candidate set, possi-
bly by reducing their activation in long-term memory
once they are no longer needed. Young adults with
above-average intellectual abilities, such as the psychol-
ogy undergraduates that constituted the larger part of
our samples, apparently are very efficient in doing this,
whereas individuals with poor reading skills and low
working memory capacity seem to be less efficient in
reducing the activation of representations used in the
processing task back to baseline (Carretti, Cornoldi,
De Beni, & Palladino, 2004; De Beni et al., 1998).

Feature overwriting

Both experiments yielded strong evidence for feature
overwriting. The negative effects of overlapping pho-
nemes cannot be attributed to similarity-based confu-
sion, because the overlap was distributed among
several items, such that the pairwise similarity between
items was low. Moreover, in Experiment 2 letters were
used to create overlap with words, and no participant
ever confused a letter with a word in her or his recall.
Therefore, these experiments serve to firmly establish
the existence of feature overwriting in verbal working
memory, acting between items within a memory list, as
well as between memory contents and the representa-
tions involved in a concurrent processing task.

Feature overwriting was first postulated as a mecha-
nism of interference in the feature model (Nairne, 1990;
Neath, 2000). As it stands, however, the feature model
cannot explain our results because it restricts overwrit-
ing to the immediately preceding item. In our experi-
ments the overlap targets were usually not immediately
followed by the overwriting items. Moreover, the feature
overlap was distributed among three or four interfering
items, such that the one item immediately following the
overlap target never produced much overlap on its own.
Clearly, a satisfactory explanation of the distributed-
overlap effect requires an overwriting mechanism that
extends beyond the immediately preceding item. Nairne
(1990, p. 257) anticipated such an extension as a possi-
bility within the feature model.

Extended overwriting between all items held concur-
rently in working memory is a core assumption of the
interference model developed by one of us to account
for age differences and complexity effects in a memory-
updating task (Oberauer & Kliegl, 2001, 2006). In this
model, items compete for feature units to represent their
overlapping features. The competition is assumed to
arise because feature units are bound dynamically to
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Table 3
Mean proportions of response categories in Experiment 2

Overwrite target

Overwrite control

Migration target Migration control

Correct .67 (.14)
Order errors (Transpositions) .10 (.06)
Phonological neighbours .027 (.018)

Other item errors 21 (.11)

70 (.13) 69 (.13) 66 (.13)
.10 (.06) .09 (.06) .08 (.05)
024 (.013) 043 (.019) 044 (.022)
.18 (.10) .19 (.09) 21 (.10)

Note: The sum of each column equals 100% of recalled words (letters were not categorized). Neighbours are words that differ by one

phoneme from the correct word in a given list position.

their contexts (e.g., an item’s serial positions in a list) by
firing in synchrony with the units representing that con-
text, and each feature unit can fire in synchrony with
only one context. The present findings do not provide
direct evidence for that kind of binding mechanism,
but they strongly suggest that there is some form of
competition between items in working memory for
shared features, and binding by synchrony offers an
explanation for this competition.

If feature overwriting is to be a significant factor in
limiting working memory capacity, one might wonder
why the effect we obtained, although significant, was
numerically small, reducing recall accuracy by only
about three percentage points. We believe that we
underestimated the true size of the overwriting effect
because we used a rather crude manipulation of feature
overlap, simply regarding phonemes as features. There is
certainly more to a phonological representation than the
composition of phonemes, for instance its syllabic struc-
ture and stress pattern. Moreover, phonemes themselves
are composed of phonetic features, such that words that
share none of their phonemes still share many of the
phonetic features. For example, “goat” and ‘“duke”
would be regarded as having no feature overlap accord-
ing to the rules we used, but two pairs of their phonemes
(“g” vs. “k”, and “t” vs. ““d”) differ in only one phonetic
feature (voice), implying that they overlap in the major-
ity of their phonetic features. Therefore, our baseline of
low overlap is likely to still involve a large amount of
feature overlap. This assumption also matches our intu-
ition that two spoken words that share none of their
phonemes still have much more in common than, for
instance, a spoken word and a piano chord. A baseline
with minimal feature overlap can arguably only be
achieved by pairing verbal with non-verbal (e.g.,
visual-spatial) items—a combination that is known to
engender little interference, and sometimes none at all
(Cocchini, Logie, Della Sala, MacPherson, & Baddeley,
2002; Hale, Myerson, Emery, Lawrence, & Dufault,
2007). Future experiments should attempt to manipulate
feature overlap on the basis of a more fine-grained anal-
ysis of the feature composition of items to obtain more
valid quantitative estimates of the effect.

A second reason why our effect probably underesti-
mates the amount of damage done to memory representa-

tions by feature overwriting is that repeating the
phonemes of a list word has not only negative but also
positive effects on immediate recall of that word. The posi-
tive effects arise because phonemes can act as retrieval
cues for words that are composed of them. Tehan and
Humphreys (1998) demonstrated this effect with an exper-
iment in which participants memorized two short lists of
words, but were instructed to forget the first list. Memory
for one word in the second list was probed by a category
cue (e.g., “recall the animal”). If the to-be-forgotten list
contained three words, the phonemes of which could be
used to create a word fitting the cue (e.g., using “dart,
mop, fig” to create “dog”), the word such created was
more likely to intrude in recall. This effect can be explained
by the Parallel-Access-Intersection theory (Tehan,
Humphreys, Tolan, & Pitcher, 2004): the intruding word
“dog” lies in the intersection of the set of words cued by
the category cue and the set cued by the phonemes in other
list items. It is likely that phonemes of other items contrib-
ute to retrieval cueing in our experiments as well. In that
case we must assume that phonemes of the distractors in
our Experiment 1, and of the letters in our Experiment
2, colluded as cues for words that can be composed from
them. The overwrite target is one such word, whereas the
overwrite control words do not receive any cueing from
the phonemes in other list items or distractors. The pho-
neme-to-word cueing that Tehan and Humphreys (1998)
describe therefore would give our overwrite target an edge
over their controls. The net negative effect of feature over-
lap therefore can be interpreted as the result of two oppos-
ing forces, a smaller positive effect of phoneme-to-word
cueing, and a larger negative effect of feature overwriting.
The observed effect of feature overlap thus underestimates
the true overwriting effect by the size of the phoneme-to-
word cueing benefit.

One question left open by our experiments concerns
the direction of feature overwriting. The term “‘overwrit-
ing”, borrowed from Nairne (1990), suggests a purely ret-
roactive process—Ilater representations stealing features
from those already in working memory. The mechanism
we envision, however, could also be proactive. Proactive
“overwriting” would occur if a representation already in
working memory holds on to the feature units demanded
by a new representation of an incoming item, thereby
denying them to the newcomer. There is no a priori reason
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why later items should have a higher chance of winning
the competition for feature units. In the present experi-
ments the interfering stimuli were always presented after
the overwrite targets, but in both experiments participants
could have rehearsed the memory items after they read the
interfering stimuli, and therefore, a contribution of proac-
tive overwriting cannot be excluded.

Proactive overwriting is an interesting mechanism
because it naturally generates a primacy gradient of
encoding strength over successive list items, because
later list items face an increasing chance that their fea-
ture units have already been taken. The steepness of this
primacy gradient would depend on the amount of fea-
ture overlap of new items with the sum of the preceding
items. Thus, proactive overwriting constitutes one way
of implementing the “energy-gated encoding” principle,
as hypothesized in the context of the “serial-order in a
box” model of serial recall (Farrell & Lewandowsky,
2002). By this principle, new items are encoded with
decreasing strength to the degree that the new item’s
similarity to a composite representation of the items
already in working memory (i.e., its “energy’’). This
principle has been shown to be important to explain sim-
ilarity effects in mixed lists of similar and dissimilar
items (Farrell, 2006; Farrell & Lewandowsky, 2003).

Feature migration

Our attempt to provide evidence for feature migra-
tion within a memory list led to a surprising result: pho-
nological neighbors of a target word that can be created
by inserting features of other items into the target word
improve the recall of that item. This effect is probably
best explained by the converging contributions of other
list items to the activation of the target’s neighbors in
long-term memory. Feature migration does not play a
role in this explanation, but that does not mean that fea-
ture migration does not occur. There is strong evidence
that phonological features migrate when people try to
remember lists of nonwords in order (Gathercole
et al., 2001). With word lists, top-down influences from
long-term memory help keeping the phonemes of each
word together (Jefferies et al., 2006), but it is unlikely
that this prevents migrations entirely. In our Experiment
2, the beneficial effect of induced neighbors might simply
have outweighed the harmful effect of occasional migra-
tions of letter features into the migration targets.
Against this, we found no evidence that the migration
targets were replaced more frequently than their controls
by a phonological neighbor. It might be that our manip-
ulation was too subtle, requiring migration of a specific
subset of the phonemes involved in the list over a fairly
large distance, and to intrude in the migration target in
just the right place to generate the induced neighbor.
Probably a more drastic manipulation than ours, for
instance the use of Spoonerisms (Page et al., 2007), is

required to produce errors from feature migration to
any significant extend in healthy young adults.

Conclusion

Besides similarity-based confusion, at least one fur-
ther mechanism, feature overwriting, contributes to
interference in working memory. Feature overwriting
presupposes distributed representations of items, and
therefore this finding has strong implications for models
of working memory. Models using localist representa-
tions of items in working memory, such as the network
model of Burgess and Hitch (1999), Burgess and Hitch
(2006), the primacy model (Page & Norris, 1998), and
the start-end model (Henson, 1998), will have difficulty
with explaining the feature overlap effect. Models using
distributed representations, such as the feature model
(Nairne, 1990) and SOB (Farrell & Lewandowsky,
2002) are better suited to handle effects on the feature
level. The details of these models, however, are as yet
insufficient to explain the present findings: The feature
model assumes overwriting only of the immediately pre-
ceding item, and SOB assumes no retroactive overwrit-
ing of features at all. The interference model from
which we derived the prediction of feature overwriting
(Oberauer & Kliegl, 2006) is not yet developed to a level
of detail that it can replace existing computational mod-
els. One task for future theorizing on working memory is
to build a model that uses distributed representations of
items and incorporates mechanisms of similarity-based
interference, feature overwriting, and possibly also fea-
ture migration.
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