Memory & Cognition
2009, 37 (3), 346-357
doi:10.3758/MC.37.3.346

Interference between storage and processing in
working memory: Feature overwriting,
not similarity-based competition

KrLAUS OBERAUER
University of Bristol, Bristol, England

Eight experiments with the complex span paradigm are presented to investigate why concurrent processing
disrupts short-term retention. Increasing the pace of the processing task led to worse recall, supporting the
hypothesis that the processing task distracts attention from maintenance operations. Neither phonological nor
semantic similarity between memory items and processing-task material impaired memory. In contrast, the
degree of phonological overlap between memory items and processing-task material affected recall negatively,
supporting feature overwriting as one source of interference in the complex span paradigm. When compared
directly, phonological overlap impaired memory, but similarity had a beneficial effect. These findings rule out
response competition or confusion as a mechanism of interference between storage and processing.

One popular characterization of working memory is as
a system for the simultaneous short-term storage and pro-
cessing of information. This notion is reflected in many
paradigms used to study working memory, such as the
complex span paradigm, in which encoding of memory
items for immediate recall alternates with brief periods
of processing additional, not-to-be-remembered material.
For instance, in the operation span task, participants alter-
nate between encoding a letter for recall and evaluating
arithmetic equations (Turner & Engle, 1989). In the read-
ing span task, they alternate between reading a sentence
and encoding the sentence’s last word for recall (Daneman
& Carpenter, 1980).

Adding concurrent processing to a short-term memory
task has two consequences. First, memory performance
is much reduced relative to comparable memory tasks
without processing demand (so-called simple-span tasks).
Second, combinations of memory and processing, as in
complex span, are better predictors than simple span for
performance on complex cognitive tasks (Ackerman,
Beier, & Boyle, 2005; Daneman & Merikle, 1996; but see
Colom, Rebollo, Abad, & Shih, 2006). Why does concur-
rent processing impair short-term storage? Answering this
question would be an important step toward understand-
ing why working memory capacity is limited and why it is
related to complex cognition.

One answer is that the processing task delays recall
while preventing rehearsal, so that memory traces decay
over time (Barrouillet, Bernardin, & Camos, 2004; Towse,
Hitch, & Hutton, 2000). Decay cannot be the only fac-
tor, however, because memory impairment is larger
when memory items and the material of the processing

task come from the same category (words vs. numbers)
than when they come from different categories (Conlin,
Gathercole, & Adams, 2005; Li, 1999). These findings
point to a contribution from similarity-based interference
between memory contents and the materials involved in
the processing task. Saito and Miyake (2004), using the
reading span task, varied processing time and the amount
of material processed (i.e., length of sentences to be read)
independently. They found that only the amount of mate-
rial affected memory and argued that interference between
memory items and representations involved in the pro-
cessing task, rather than decay, impairs complex span per-
formance. Oberauer and Lewandowsky (2008) fit com-
peting models to data from a variant of the complex span
paradigm and found that an interference-based model pro-
vided a better fit than a decay-based model did.

The present research seeks further evidence on the
role of interference between memory contents and con-
currently processed material, and aims at distinguishing
four mechanisms by which processing could impair mem-
ory. The first mechanism is distraction of attention. The
processing demand is assumed to distract a general at-
tentional mechanism—sometimes referred to as a bottle-
neck—from the memory items, thereby preventing their
maintenance or further consolidation in memory (Bar-
rouillet et al., 2004; Hudjetz & Oberauer, 2007). The size
of the distracting effect should depend on the proportion
of time the processing task occupies attention, but not on
the material used in the processing task.

The second mechanism is response competition. The
processing task could introduce representations into the
set of recall candidates, which compete for recall with the
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memory items. Most models of immediate recall assume
that the initial output of retrieval is a partially degraded
representation of the original item, from which a com-
plete, unambiguous representation must be reconstructed,
using long-term memory (LTM) representations of known
items (see, e.g., Hulme, Roodenrys, Brown, & Mercer,
1995; Nairne, 1990). The LTM representation that best
matches the degraded output from working memory is
most likely to be selected as a response. A further (often
tacit) assumption is that there is a limited set of recall can-
didates in LTM to which retrieval outputs are matched;
often the candidate set is assumed to consist of just the
list items. If list items are similar to each other, then the
candidate set in LTM also contains many similar potential
responses, and partially degraded retrieval outputs tend to
match several of them well, thus leading to competition
and confusion between response candidates.

Response competition due to a lack of discrimination
among recall candidates is essentially the mechanism by
which most models of serial recall explain the detrimental
effect of phonological similarity between list items (Hen-
son, 1998; Page & Norris, 1998). The same mechanism
also serves as the standard explanation for proactive in-
terference (Gardiner, Craik, & Birtwistle, 1972; Tehan &
Humphreys, 1995): Items from the preceding list or lists
are still candidates for recall and therefore compete for
recall with the items on the current list unless they can
be excluded on the basis of a cue that discriminates the
items on the present list from those on preceding lists. In
the present article, I extend this idea to the complex span
paradigm by assuming that material used in the process-
ing task tends to be included in the response set, thereby
competing with memory items at recall (see also Carretti,
Cornoldi, De Beni, & Palladino, 2004). The amount of
competition should increase with the similarity between
processing material and memory items.

The third mechanism is superposition of distributed
representations. Many models of memory assume that
distributed representations of items, or of associations
between items and their contexts, are superimposed on
each other in a common representational medium (see,
e.g., Eich, 1982; Lewandowsky & Murdock, 1989). For
instance, in the serial-order-in-a-box (SOB) model (Far-
rell, 2006), items—as well as their serial positions—are
represented as distributed feature vectors, and associa-
tions between items and their positions are superimposed
in a common weight matrix. In an application of SOB to
the complex span paradigm, Oberauer and Lewandowsky
(2008) assumed that the material used in the processing
task is associated with the positional context of the im-
mediately preceding list item. At recall, each list item is
cued by its positional context. The system returns a blend
of the item and the concurrent processing material. The
processing material therefore contaminates the retrieval
output, rendering reconstruction of the original item dif-
ficult. The more dissimilar the processing material is to
the memory item, the larger the degree of distortion. Su-
perposition therefore predicts the opposite of response
competition—namely, a benefit of similar over dissimilar
processing tasks.

The fourth mechanism to consider is feature overwrit-
ing. Nairne (1990) was the first to propose, in the context
of his “feature model,” that representations in working
memory are degraded by overwriting of shared features.
Recently, another formal model of interference was devel-
oped (Oberauer & Kliegl, 2006) using feature overwrit-
ing. It is assumed that items are represented in working
memory by distributed patterns of activation over feature
units. Active feature units belonging to the same item are
bound together by firing in synchrony (Raffone & Wolt-
ers, 2001); in the same way, all active feature units of each
item are bound to their context (e.g., the item’s serial posi-
tion). Therefore, units belonging to different items must
fire out of sync. If each unit can fire only once per phase
cycle, this implies that a feature unit can be bound to only
one item at the same time. Thus, items sharing a feature
compete for the units representing that feature, and the
item losing the competition gets partially degraded. As
a consequence, items held simultaneously in working
memory interfere by stealing each other’s feature units.
Different from Nairne’s feature model, in which each item
only overwrites the immediately preceding item, in the
Oberauer and Kliegl model, all items in working memory
overwrite each other’s features, and items can overwrite
both earlier and later list items. One prediction arising
from this theory is that interference increases with the
amount of feature overlap between items. An extension
to interference between storage and processing is that the
processing task interferes more with memory when the
processing materials have a higher degree of feature over-
lap with the memory items.

Overview of Experiments

The goal of the present experiments was to gauge
the contribution of the four mechanisms outlined previ-
ously to interference between processing and storage in
working memory. The experiments used a complex span
paradigm modeled after that of Barrouillet et al. (2004).
Participants encoded lists of four words for later serial
recall. Each memory word was followed by four other
words that had to be read aloud. The reading task was
computer paced, and two reading-rate conditions were
realized by presenting distractor words at either a fast
or a slow pace. In addition, one of three variables was
manipulated to vary the amount of interference. These
variables were: (1) phonological similarity between dis-
tractor words and memory words; (2) semantic similarity
between distractor words and memory words, or (3) the
degree of phoneme overlap between distractor words and
memory words. Overlap of phonemic features differs
from phonological similarity: Two words were defined
as phonologically similar when they were phonological
neighbors; that is, they differed only in one phoneme and
shared all other phonemes in corresponding within-word
positions. High phoneme overlap, in contrast, was cre-
ated by repeating all phonemes of a memory word among
the distractor words in a distributed fashion, so that no
single distractor word had to bear a high degree of over-
lap with the memory word. Moreover, phonemes could
be repeated in any within-word position in the distractors.
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Table 1
Example Trials Illustrating the Manipulation of Phonological Similarity,
Semantic Similarity, and Phonological Overlap
Low High
Phonologically ~ Phonologically =~ Semantically = Semantically =~ Phonological  Phonological

Dissimilar Similar Dissimilar Similar Overlap Overlap
ARM ARM COTTON COTTON LOOP LOOP
bass arch queen silk sack slow
bug calm duke wool cage meal
fuss aim prince velvet witch park
cuss harm knight linen race fuse
FLOOR FLOOR STERN STERN TIME TIME
shape flair meter bow deed tight
shock for mile sail hood mind
chop lore foot hull thick fire
top flaw yard mast sooth foot
KEY KEY RAT RAT GOWN GOWN
hear cow whiskey mouse sing sound
her ski vodka squirrel rash pound
fair knee gin hamster cork horn
lair fee beer rabbit axe beg
SHOP SHOP HOUSE HOUSE BEER BEER
noise shape eye gym wage rear
gnomes shock mouth school hook pout
foes chop cheek church walk bay
toes top chin bank creed air

Note—Each column represents one example trial, presented from top to bottom. Memory words are
given in capital letters, distractors in lowercase letters. In the similar trials, similar distractors follow
immediately after the memory word they were similar to, as in Experiments 1 and 2; in the later experi-
ments, distractors were distributed at random to the 16 positions.

Table 1 presents examples of the materials used for the
three manipulations.

Previous research on the effects of similarity between
list items in immediate serial recall has shown that memory
for items and memory for order are sometimes affected in
different ways by similarity. Phonological similarity invari-
ably impairs memory for order, but it has often been found
to improve memory for items, in particular when similar
items shared a common rhyme (Fallon, Groves, & Tehan,
1999; Gupta, Lipinski, & Aktunc, 2005; Tehan, Hendry, &
Kocinski, 2001). Semantic similarity has been found to im-
prove item memory while having no effect on order mem-
ory (Saint-Aubin & Poirier, 1999). Therefore, I analyzed
recall for three measures of accuracy: Overall accuracy was
assessed by the proportion of words recalled in their correct
list positions. [tem memory was assessed by the proportion
of list words recalled in any position. Order memory was
measured as the conditional probability of recalling a word
in the correct position, given that it was recalled at all.

The distraction-of-attention hypothesis (Barrouillet
et al., 2004) states that the processing task impairs mem-
ory because it temporarily prevents maintenance mecha-
nisms, such as rehearsal or refreshing. This hypothesis
leads to the prediction that memory performance is bet-
ter with a slower than with faster reading pace, because a
slower rate leaves more time for intermediate refreshing of
memory traces. The distraction hypothesis predicts no ef-
fect of similarity or phoneme overlap. The distraction-of-
attention hypothesis makes no assumptions as to whether
pace affects primarily item memory or order memory, so
no predictions can be made with regard to these two as-
pects of performance.

The response-competition hypothesis states that the dis-
tractor words are inadvertently included in the candidate
set for responses. When the distractor words are more sim-
ilar to the words in the memory list, they are more likely
to be confused with list words. Therefore, this hypothesis
predicts worse recall when distractor words are similar to
memory words. Confusing a memory word with a distrac-
tor word creates an item error; therefore, the adverse effect
of similarity is expected to be mainly on item memory.
Depending on whether list words and distractors are pref-
erentially encoded phonologically or semantically, pho-
nological or semantic similarity should play the dominant
role. Previous research has shown that immediate serial
recall of verbal material rests predominantly on phonolog-
ical memory traces, but that with filled delays of several
seconds, phonological similarity effects tend to decline
and semantic features become more important (Adams,
Thorsheim, & Mclntyre, 1969; Baddeley & Ecob, 1970).
The complex span paradigm involves filled delays follow-
ing each memory item; therefore, it could be that at the
time of recall, semantic representations predominate over
phonological ones. In that case, the response-competition
hypothesis predicts that semantic similarity between dis-
tractors and memory words impairs recall.

The superposition hypothesis predicts a beneficial ef-
fect of similarity, and it does so primarily if the similar dis-
tractors follow immediately after the memory word they
are similar to. According to the superposition hypothesis,
interference arises because at retrieval, each position cue
returns a blend of the memory item and the distractors
associated with that position. If the distractors following
each memory word are associated with the same posi-
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tion as that memory word, then similar distractors distort
the representation of the memory item less than do dis-
similar distractors. The benefit of similarity would af-
fect item memory because a less distorted representation
makes it easier to reconstruct the correct item. A benefit
could also be expected for order memory, because the
association of a memory item to its position is partially
strengthened by the association of a similar distractor to
the same position. However, if the distractors similar to
one memory word are distributed across all list positions,
then the superposition hypothesis predicts no benefit of
similarity on order memory, because the associations
between positions and distractors do not converge any
longer with those between positions and memory items.
A small similarity benefit on item memory would still
result if the contexts of different list positions partially
overlap, as they most likely do (Brown, Preece, & Hulme,
2000; Burgess & Hitch, 1999). In that case, associating
a distractor with a position # that is similar to an item in
position n+1 or n—1 would at least partially converge
with the association of that item to its position, leading
to somewhat less distortion than would a distractor that
is dissimilar to all memory items. As before, if memory
and distractor words are represented primarily in phono-
logical format, then phonological similarity should have
the largest effect. To the degree that participants encode
the meaning of both kinds of words, semantic similarity
should have an effect.

The feature overwriting hypothesis predicts that a high
degree of feature overlap between memory items and
distractors impairs recall. When distractors share a large
number of features with the already encoded memory
words, they tend to take away some of their features, leav-
ing the memory word representations degraded. The dam-
age should primarily affect memory for items, because
degraded representations are more likely to be either mis-
taken for a different word or lost completely, resulting in
extralist intrusions or omissions, respectively. As before,
whether phonological features or semantic features are
the most relevant depends on how the memory words
are preferentially represented. Unfortunately, there is no
straightforward way of determining semantic features of
words. Therefore, I manipulated feature overlap only for
phonological features.

METHOD

All experiments followed the same general method. Participants
were 20 young adults in each experiment or experimental group
(except in Experiment 1 [z = 16] and in Experiment 8 [n = 45]);
all were native speakers of English. One participant per group in
Experiment 5 and 1 in Experiment 7 were excluded because of ex-
ceptionally low performance (p < .15).

Following 4 practice trials, participants worked on 48 test trials in
random order (45 test trials in Experiment 8). Each trial started with
the centered display of the first memory word in red on a white back-
ground for 1.4 sec, followed by the centered display of four distractor
words in black, one by one, for 0.75 sec/word (fast-pace condition)
or 1.5 sec/word (slow-pace condition). This sequence was repeated
four times. Each word was followed by a 100-msec blank interval.

At the end of the presentation phase, the word “recall” prompted
participants to repeat the four red words to the experimenter.

Participants were instructed to remember the red words in order
while reading them silently, and to read aloud the black words. This
instruction was chosen to maximize the interfering effect of the dis-
tractors on the memory items, on the basis of two sets of previous
findings. First, proactive interference between two successive lists
is strengthened when the first list is read aloud and the second list is
read silently (Tehan & Humphreys, 1995), whereas it is weakened by
the opposite order (Tolan & Tehan, 1999). Second, Beaman (2004)
found interference in the operation span paradigm to be larger when
the distracting material was read aloud than when it was processed
silently. Maximizing the overall effect of distractor interference
should maximize the chance to find any effect of similarity on the
amount of interference.

Experiment 1

In this experiment, I manipulated phonological similarity. The
material consisted of 48 sets of five monosyllabic words each. The
first word was the memory word, and the remaining four were dis-
tractor words, which differed in only one phoneme from the memory
word (i.e., they were phonological neighbors).! I manipulated simi-
larity through phonological neighborhood, thus using what Gupta
et al. (2005) called canonical similarity because it was used in some
of the earliest demonstrations of the classical phonological simi-
larity effect (Baddeley, 1966). I preferred canonical similarity over
more regular forms of similarity, such as having all words in a set
rhyme with each other, because rhyming materials produce opposite
effects on item and order memory (Fallon et al., 1999; Gupta et al.,
2005), and this could make it difficult to detect an overall effect of
similarity on the degree of interference.

High-similarity trials were assembled by selecting four sets at ran-
dom without replacement. Each memory word was therefore imme-
diately followed by four phonological neighbors as distractor words.
Low-similarity trials were constructed by selecting eight sets at ran-
dom. The memory words were taken from the first four sets, and the
distractors from the remaining four sets. Thereby, the four distractor
words following each memory word were still similar to each other,
but they bore only a chance similarity to any of the memory words.
Holding the similarity between the distractors constant is important
because it has been shown that sets of distractors that are dissimilar
to each other impair memory more than do sets of identical distrac-
tors (Lewandowsky, Geiger, & Oberauer, 2008). The similarity ma-
nipulation was crossed with the reading-pace manipulation, creating
12 trials in each design cell, which were presented in random order.

Experiment 2

In this experiment, I manipulated semantic similarity. Materials
consisted of 48 sets of five words each. The words in each set be-
longed to the same category, whereas words in different sets be-
longed to different categories. High- and low-similarity trials were
constructed as in Experiment 1.

Experiments 3 and 4

In these experiments, I manipulated phonological and semantic
similarity, respectively, using the same materials as in the preced-
ing two experiments. The only difference was that now in the high-
similarity trials, the similar distractors did not follow the memory
words they were similar to. Rather, the 16 distractors were assigned
to the 16 distractor positions at random. This variation served to
test the superposition hypothesis, which predicts a beneficial effect
of similarity between the memory words and the distractors, which
should be stronger if the similar distractors are associated with the
same context cues as the memory items. By shuffling the distractor
positions, each distractor can become associated with any of the
four serial positions—not necessarily to the same one as its related
memory item. Therefore, the superposition hypothesis predicts that
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any positive similarity effect should be reduced or even eliminated
in Experiments 3 and 4.

Experiments S and 6

In these experiments, I tested two groups each, comparing two
strategy instructions. Experiment 5 manipulated phonological simi-
larity, and Experiment 6 manipulated semantic similarity, using the
materials of Experiment 3 for Experiment 5 and those of Experi-
ment 4 for Experiment 6, and the same procedure as in those preced-
ing experiments. Informal postexperimental interviews with partici-
pants in the preceding experiments revealed two dominant strategies
that were employed with roughly equal frequency: subvocal articula-
tory rehearsal of the memory words, and the creation of visual im-
ages of the words’ meanings. [ hypothesized that the rehearsal strat-
egy created predominantly phonological representations, whereas
the visualization strategy created predominantly semantic and visual
representations. Averaging across the two strategies, therefore, could
dilute the effects of both phonological and semantic similarity. The
strategy manipulation served to obtain more strategy-pure groups. |
expected an effect of phonological similarity in the group that was
instructed to use the articulatory-rehearsal strategy, and an effect
of semantic similarity in the group that was instructed to use the
visualization strategy, because visualization requires access to the
words’ meanings.

Participants in the rehearsal group were instructed as follows:
“Try to remember the words by repeating them silently back to
yourself in the correct order as often as possible.” Participants in
the visualization group were instructed as follows: “Try to remem-
ber the words by visually imagining the things they refer to. Try to
form an integrated visual representation that also maintains the order
in which the words were presented.” After each block of 12 trials,
participants in these experiments filled out a questionnaire about
the strategies they used in the preceding block. In Experiment 5,
participants reported having used the instructed strategy on average
on 82% of trials in the rehearsal group, and on 86% of trials in the vi-
sualization group. In Experiment 6, these figures were 86% and 94%
for the rehearsal group and the visualization group, respectively.

Experiment 7

In this experiment, I manipulated phonological overlap. The
construction of trials started with a set of 499 one-syllable words.
Phonological transcriptions according to the DISC system, which
assigns one symbol to each phoneme, were created using N-Watch
(Davis, 2005). A computer program used these transcripts to as-
semble memory and distractor words for 48 high-overlap and 48
low-overlap trials according to the following constraints.

1. The four memory words shared no phonemes with each other.

2. The same memory words were used for corresponding trials in
the high-overlap and the low-overlap set. Thus, corresponding high-
and low-overlap trials differed only in their distractor words.

3. In the high-overlap set, the four distractors following each
memory word were selected so that the phonemes of the memory

word were repeated among them as often as possible. In the low-
overlap set, all 16 distractors were selected so that they shared as few
phonemes as possible with any of the four memory words.

4. Across all 48 trials, the same set of distractor words was used in
the high-overlap and the low-overlap sets. Thus, the two sets of tri-
als were matched not only for their memory words but also for their
distractor words; they differed only in which distractor words were
combined with which memory words.

In the resulting set of low-overlap trials, not a single phoneme of
the memory words was repeated in any of the 16 distractor words
used in the same trial. In the set of high-overlap trials, nearly all of
the memory item’s phonemes were repeated at least once among the
distractor words of the same trial. On average, each phoneme of a
memory word was repeated 2.74 times in the 16 distractor words
(1.65 times in the four distractor words immediately following the
memory word). Nevertheless, individual distractors in the high-
overlap condition were not particularly similar to the memory words,
as can be seen in Table 2. For instance, only 13% of distractors were
phonological neighbors of a memory word in the same trial, as com-
pared with nearly 100% in the conditions with high phonological
similarity in the preceding experiments.

Half of the participants received the first 24 trials of the low-
overlap set and the last 24 trials of the high-overlap set, and the other
half received the complementary subsets of trials. Each participant
received their 48 trials in a new random order. The instruction was
the same as in Experiments 1-4.

Experiment 8

In this experiment, I directly compared phonological similarity
and phoneme overlap. Applying the same constraints as those for
Experiment 7, but using a larger set of 1,974 monosyllabic words, |
constructed three sets of 45 trials, one with high similarity between
memory items and distractors (as in Experiments 3 and 5), one with
high overlap but low similarity, and one with low overlap. Because
the same memory lists and the same set of distractor words had to
be used to create three conditions, the manipulation of overlap was
weaker than it was in Experiment 7. On average, each phoneme of a
memory word in the high-overlap condition was repeated 2.65 times
among the 16 distractors (1.2 times among the 4 distractors imme-
diately following the memory word). In Experiment 7, virtually all
phonemes of the memory words were repeated at least once among
the distractors, whereas in Experiment 8, this was true for only 85%
of phonemes. And, in the low-overlap condition, the percentage of
overlap was 5% rather than O (see Table 2). The manipulation of sim-
ilarity was as strong as it could possibly be, with all distractors being
phonological neighbors of a memory item in the high-similarity con-
dition, and with none being phonological neighbors in the other two
conditions. Three groups of 15 participants received 15 trials from
each set in random order; every participant saw every memory list
once, and every list figured equally often in each condition. The pace
manipulation was dropped; all distractors were presented for 1 sec.
Instructions were the same as in Experiment 7.

Table 2
Similarity and Overlap Statistics for Word Sets Used for Phonological Similarity
Manipulations (Experiments 1, 3, 5, and 8) and Phonological Overlap Manipulations (Experiments 7 and 8)

Experiments 1, 3, 5

Experiment 7 Experiment 8

Phonologically ~ Phonologically High Low Phonologically High Low
Index Similar Dissimilar Overlap  Overlap Similar Overlap  Overlap
No. of neighbors 4.02 0.12 0.57 0 4.0 0 0
Percent of distractor neighbors 98.4 3.0 143 0 100 0 0
Percent overlap 100 70.0 98.2 0 98.6 85.1 4.8
Frequency of overlap 4.55 2.15 2.74 0 3.30 2.65 0.07

Note—No. of neighbors, mean number of neighbors each memory word had among the distractor words of a trial; Percent of distractor
neighbors, percentage of distractors that were neighbors of any of the four memory words; Percent overlap, mean percentage of phonemes
of memory words repeated at least once among the 16 distractor words; Frequency of overlap, mean number of repetitions of a memory

word’s phoneme among the 16 distractors.
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Table 3
Mean Proportions of Items Recalled in Correct Positions and Test Statistics for All Experiments
_ Cldiff)
High Low Low  High ES F P
Experiment 1: Phonological similarity, distractors following 71 759 —.07 .04 —0.11 0.18 .68
Experiment 2: Semantic similarity, distractors following 178 711 —.11 =02 -066 8.60 .01
Experiment 3: Phonological similarity, distractors shuffled 153 740 —.05 .02 —0.16 052 .48
Experiment 4: Semantic similarity, distractors shuftled 713 702 —.05 .03 —-0.12 030 .59
Experiment 5: Phonological similarity, rehearsal group 621 618 —.04 .04 —0.04 003 .87
Experiment 5: Phonological similarity, visualization group 702 .681 —.07 .03 —-020 075 40
Experiment 6: Semantic similarity, rehearsal group 626 619 —.04 .02 —0.10 0.18 .67
Experiment 6: Semantic similarity, visualization group 745 773 =01 .07 033 222 .15
Experiment 7: Phoneme overlap 520 577 .01 .10 059 6.68 .02
Experiment 8: Phonological similarity, distractors shuffled 581 568 —.02 .04 —0.12 066 .42
Experiment 8: Phoneme overlap .539 .568 0 .06 027 326 .08

Note—All dfs = 1,19, except in Experiment 1 (df = 1,15), Experiments 5 and 7 (dfs = 1,18), and Experiment 8 (df =
1,44). High and Low refer to high versus low phonological similarity, high versus low semantic similarity, or high versus
low phonological overlap, depending on the experiment. CI(diff) refers to the 95% confidence interval for the difference
between low and high conditions; ES is the effect size, expressed as Cohen’s d (positive values reflect memory decrements

in the high condition).

RESULTS

Responses were coded in three ways: (1) proportion
correct in position, counting as correct each word recalled
in its original list position; (2) item memory, counting as
correct each list word recalled, regardless of position; and
(3) order memory, defined as the conditional probability
of recalling an item in the correct position, given that it
has been recalled at all.

Table 3 summarizes the effects of the similarity and
overlap manipulations for proportion correct in position;
Tables 4 and 5 provide analogous information for item
accuracy and order accuracy, respectively. These results
can be summarized as follows: Neither phonological nor
semantic similarity between memory and distractor words
had any negative effect on recall. This result held for all
three dependent variables, and it also held when partici-
pants were instructed to use phonological rehearsal or a
visual-semantic strategy (Experiments 5 and 6).

In two instances, similarity was beneficial to recall. In
Experiment 2, semantic similarity helped recall when the

semantically similar distractors followed the memory item
they were related to. This effect disappeared in Experi-
ment 4, in which the order of distractors within trials was
shuffled. This pattern is as predicted by the superposition
hypothesis. The beneficial effect was most noticeable in
item accuracy. This result is consistent with the superposi-
tion hypothesis, because a blend of dissimilar representa-
tions is more likely to be matched to an extralist represen-
tation in LTM than is a blend of similar representations,
thereby creating an item error.

The second instance of a beneficial similarity effect
was an advantage of the phonologically similar condi-
tion in the group instructed to rehearse in Experiment 5;
this effect was limited to item accuracy. This finding is
compatible with the superposition hypothesis if we as-
sume that the positional contexts of neighboring list items
overlap, so that associating a distractor that is similar to
item 7 to the positional context n+1 or n—1 still produces
a similarity benefit. Under the superposition hypothesis,
however, a larger benefit of phonological similarity would
be expected when similar distractors follow the items

Table 4
Mean Proportions of Items Recalled in Correct Positions and Test Statistics for All Experiments
CI(diff)
High Low Low  High ES F P
Experiment 1: Phonological similarity, distractors following ~ .807 786 —.07 .03 —0.20 0.62 44
Experiment 2: Semantic similarity, distractors following 845 773 —10 —.04 —1.03 21.19 <.001
Experiment 3: Phonological similarity, distractors shuffled 817 185 —.07 .01  —-0.36 2.65 12
Experiment 4: Semantic similarity, distractors shuffled 766 761 —.03 .02 —0.08 0.13 73
Experiment 5: Phonological similarity, rehearsal group 741 719 =05 —.01 —0.60 6.84 .02
Experiment 5: Phonological similarity, visualization group 804 786  —.05 01 —0.25 1.17 .29
Experiment 6: Semantic similarity, rehearsal group 711 709 —.02 .02 —0.04 0.04 .85
Experiment 6: Semantic similarity, visualization group 855 854 —.03 02 —0.02 0.01 94
Experiment 7: Phoneme overlap 612 .661 .01 .08 0.61 7.11 .02
Experiment 8: Phonological similarity, distractors shuffled 616 594 —.05 01 —0.22 2.18 15
Experiment 8: Phoneme overlap .568 .594 0 .05 0.27 3.23 .08

Note—All dfs = 1,19, except in Experiment 1 (df = 1,15), Experiments 5 and 7 (dfs = 1,18), and Experiment 8 (df = 1,44). High
and Low refer to high versus low phonological similarity, high versus low semantic similarity, or high versus low phonological
overlap, depending on the experiment. CI(diff) refers to the 95% confidence interval for the difference between low and high
conditions; ES is the effect size, expressed as Cohen’s d (positive values reflect memory decrements in the high condition).
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Table 5
Mean Proportions of Items Recalled in Correct Positions and Test Statistics for All Experiments
_ Cldiff)
High Low Low  High ES F P
Experiment 1: Phonological similarity, distractors following 955 965  —.01 .03 024 090 40
Experiment 2: Semantic similarity, distractors following 914 907  —.04 .02 —-0.11 022 .64
Experiment 3: Phonological similarity, distractors shuffled 911 931 -—.01 .04 035 250 .13
Experiment 4: Semantic similarity, distractors shuftled 926 917  —.04 .03 —-0.11 026 .62
Experiment 5: Phonological similarity, rehearsal group .808 832 —.03 .07 021 087 .36
Experiment 5: Phonological similarity, visualization group 858 842 —.05 .02 —-022 090 .36
Experiment 6: Semantic similarity, rehearsal group 877 864  —.05 .03 —-0.13 036 .55
Experiment 6: Semantic similarity, visualization group 857 .889 0 .07 040 3.14 .09
Experiment 7: Phoneme overlap 826 857 —.01 .07 038 281 .11
Experiment 8: Phonological similarity, distractors shuffled 941 952 0 .03 0.21 1.91 17
Experiment 8: Phoneme overlap 947 952 —.02 .03 0.06 0.18 .67

Note—All dfs = 1,19, except in Experiment 1 (df = 1,15), Experiments 5 and 7 (dfs = 1,18), and Experiment 8 (df =
1,44). High and Low refer to high versus low phonological similarity, high versus low semantic similarity, or high versus
low phonological overlap, depending on the experiment. CI(diff) refers to the 95% confidence interval for the difference
between low and high conditions; ES is the effect size, expressed as Cohen’s d (positive values reflect memory decrements

in the high condition).

they are similar to, as in Experiment 1, in which no simi-
larity benefit was found. Therefore, this result remains
ambiguous.

To increase power for the similarity effects, I combined
the four groups with a comparable phonological-similarity
contrast (Experiments 1, 3, and 5 with both instructions).
There was no effect of similarity on proportion correct in
position [F(1,70) = 1.207, p = .28] and no interaction
with group [F(1,70) = 0.106, p = .96, n3 = .005]. The
mean effect of phonological similarity across all groups
was —.012, with 95% confidence intervals of —.034 and
.010; Cohen’s d was —0.131. Thus, even with increased
power, the effect of phonological similarity between dis-
tractors and memory items was far from being statistically
significant and was negligible in size.

Because the manipulation of phonological similarity
consistently failed to produce any effect, I conducted a
control experiment in which the same material was used to
manipulate similarity between list items in a simple span
procedure. Participants were asked to recall in forward
order lists of six words without distractors. Dissimilar lists
were assembled with randomly selected words from six
different sets. Similar lists consisted of four words from
a set of similar words, and two further words from two
other sets. In this way, each similar list contained only four
similar items and two dissimilar items. There are 15 ways
of assigning four similar and two dissimilar words to six
serial positions; each of these was realized equally often.
Correct recall in position averaged 69% (SD = 13) for
the dissimilar lists, 68% (SD = 14) for dissimilar items
on the mixed lists, and 60% (SD = 14) for similar items on
the mixed lists. The similar items were recalled worse than
were both dissimilar items on the same lists [F(1,17) =
27.8, p <.001, »3 = .62] and items on the dissimilar lists
[F(1,17) = 23.4, p < .001, n3 = .58]. Therefore, the pho-
nological similarity manipulation was powerful enough to
produce the standard effect of similarity between list items,
and the lack of effects of similarity between items and dis-
tractors is not due to an unfortunate choice of materials.

I also combined the four groups with a semantic-similarity
contrast (Experiments 2, 4, and 6 with both instructions) to
increase power. Again, there was little evidence for a main
effect of similarity [F(1,76) = 2.037, p = .16], but similar-
ity interacted with group [F(1,76) = 4.151, p = .009, n3 =
.14]. The interaction reflects the positive effect of semantic
similarity in Experiment 2 that was not present in the other
experiments. Excluding Experiment 2, the combined ef-
fect of semantic similarity was .004, with 95% confidence
intervals of —.017 and .025; Cohen’s d was 0.047. Thus,
with the exception of Experiment 2, semantic similarity
between distractors and memory items had no detectable
effect. Analogous combined analyses of item and order ac-
curacy yielded no further insights.

In contrast to the similarity manipulations, distributed
feature overlap impaired memory.2 This effect was largely
due to an impairment of item recall. To test whether the
effect of feature overlap in Experiment 7 differed from
that of phonological similarity in Experiments 1, 3, and
5 combined, I conducted an ANOVA with kind of ma-
nipulation (similarity vs. overlap) and condition (high
similarity/overlap vs. low similarity/overlap) as factors.
The interaction of condition with kind of manipulation
was strongly supported [F(1,91) = 7.996, p = .006, n3 =
.081].

In Experiment 8, I replicated the effect of high versus
low phoneme overlap, although with a smaller effect size
than in Experiment 7.3 The smaller effect size is probably
due to the fact that the overlap manipulation was weaker
in Experiment 8. In the same experiment, and relative to
the same baseline of no overlap, phonological similarity
had no detrimental effect. The overlap condition resulted
in clearly worse recall than did the similarity condition
[F(1,44) = 5.71, p = .021]. Cohen’s d for this difference
was 0.36. The results of Experiments 7 and 8 are shown in
Figure 1.

The manipulation of reading pace was effective in
every single experiment, with F' ranging from 10.52 to
56.72 (maximum p = .005) and effect sizes ranging from
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Figure 1. Mean accuracy by condition in Experiments 7 and 8. Error bars are 95%
confidence intervals for within-subjects comparisons. Fast = fast-pace condition.

Slow = slow-pace condition.

d = 0.78 to d = 1.22. When distractor words had to be
read at a faster pace, the proportion correct in position was
worse by 8.1 percentage points, averaged across Experi-
ments 1-7 (range of 6.1-10.2), as compared with when
distractors had to be read at a slower pace. This finding
replicates that of Barrouillet et al. (2004). In no case did
pace interact with similarity (maximum F = 1.15), and
pace also did not interact with feature overlap in Experi-
ment 7 (F = 1.08).

DISCUSSION
The present experiments tested four hypothetical mecha-

nisms by which a concurrent processing activity disrupts
immediate memory in the complex span paradigm, distrac-

tion of attention, response competition, superposition, and
feature overwriting. The strong and consistent effect of read-
ing pace supports the distraction hypothesis. The disruption
of memory through phoneme overlap provides evidence
for feature overwriting. Both phonological and semantic
similarity had very little effect, and where an effect could
be detected, it was beneficial. This observation lends mod-
est support to the superposition hypothesis. The fact that—
despite much effort—mno negative similarity effects were
found is strong evidence against the response competition
hypothesis. Thus, the present data suggest the conclusion
that concurrent processing impairs immediate memory by
two mechanisms: distraction of attention from the memory
items and feature overwriting, with a possible additional
contribution from a third mechanism, superposition.
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No Similarity-Based Competition

The absence of negative similarity effects—in partic-
ular the absence of a detrimental effect of phonological
similarity—is surprising. Phonological similarity between
items is a major determinant of performance in immediate
serial recall. In the complex span paradigm, higher simi-
larity between memory material and processing material
impairs performance when similarity is varied through
changes in the broad categories of material (e.g., num-
bers vs. words, Li, 1999; or words vs. nonwords, Conlin
& Gathercole, 2006). Varying similarity within the cat-
egory of words, however, does not seem to have the same
effect. The present results extend previous findings with
a paradigm similar to the complex span task: Oberauer,
Lange, and Engle (2004) found no effect of phonological
similarity between memory words and distractor words
that participants read aloud between list presentation and
recall. Semantic similarity, however, slightly impaired re-
call in that study.

One explanation for the lack of phonological similarity
effects in the present study and in Oberauer et al. (2004) is
that in the face of massive phonological interference from
the processing task, participants opted for a nonphono-
logical representation of the memory words. The finding
of a semantic similarity effect in the Oberauer et al. study
is compatible with this account. Such an explanation is not
satisfactory for the present data, for three reasons. First,
even after inducing a subvocal rehearsal strategy, I failed
to find an effect of phonological similarity in Experi-
ment 5. Second, the effect of phoneme overlap shows that
participants in Experiments 7 and 8 encoded the memory
words—at least in part—phonologically, even without en-
couragement to do so. Third, the obvious alternative to
phonological representations is to encode memory words
semantically, but semantic similarity also failed to impair
memory.

I propose that the main reason why similarity between
memory materials and distractors had no adverse effect in
the present experiments is that the distractors were largely
excluded from the set of candidates for recall. Response
competition can arise only between responses in the can-
didate set. Items of a memory list are necessarily candi-
dates for recall at a given serial position; therefore, simi-
larity between list items impairs the recall of lists in serial
order. Likewise, proactive interference arises from items
from a previous memory list that have recently been in the
candidate set and that might not have been removed from
it; therefore, similarity between items on successive lists
increases the likelihood of proactive interference (Bun-
ting, 2006). Distractors in the complex span paradigm, in
contrast, are known from the outset to be distractors, and
this apparently is sufficient for excluding them from the
set of recall candidates.

Consistent with the assumption that the present par-
ticipants were good at excluding distractors from the
candidate set is the fact that only 1% of all responses in
the high-similarity conditions were distractors (as com-
pared with 16% that were omissions). Others have found
that intrusions of distractors in recall are more prevalent

among persons with cognitive difficulties, as compared
with matched control groups (see, e.g., Palladino, 2006).
One determinant of individual differences in the com-
plex span paradigm, therefore, could be the efficiency
with which a person excludes distractors from the recall
candidates.

A study by Conlin and Gathercole (2006) seems to
contradict the assumption that people can perfectly ex-
clude the distractors from the candidate set. Conlin and
Gathercole found in their group of adult participants that
nonword distractors interfered more with nonword items
than with word items, and that word distractors interfered
more with word items than with nonword items. This pat-
tern can be interpreted by assuming that distractors are
initially included in the candidate set, but can be excluded
at recall when they come from a different lexical status
category (word vs. nonword) than the items. In the pres-
ent experiments, memory items and distractors were both
words, so distractors could not be excluded by their lexical
status and should thus be included to some degree in the
candidate set. The fact that I found no evidence for this
could be due to individual differences between the par-
ticipants in my experiments and those in the experiment
of Conlin and Gathercole, or to procedural differences.
Importantly, the present experiments nevertheless reflect a
substantial amount of interference from the distractors, as
shown by the rather poor level of recall of about 70% cor-
rect (as compared with about 95% correct for four-word
lists without distractors; see, e.g., Oberauer et al., 2004).
Thus, there must be powerful mechanisms of interference
even when participants manage to exclude the distractors
from the candidate set.

An alternative explanation for the null effect of similar-
ity between distractors and memory items is that benefi-
cial and adverse effects of similarity cancel each other.
Beneficial effects could arise from associating distractors
with the same positional cues as memory items, as is as-
sumed in the superposition hypothesis. Adverse effects
could arise from including the distractors in the candidate
set for recall, as is assumed in the response competition
hypothesis. If both hypotheses are correct to some extent,
then these effects could neutralize each other. One dif-
ficulty of this account is that the beneficial effect of as-
sociating items and similar distractors to the same cues
should be obtained primarily when the distractors imme-
diately follow the memory items they are similar to (as in
Experiments 1 and 2), and only to a smaller extent when
they are dispersed over all 16 distractor positions (as in
Experiments 3—6, and Experiment 8).

Interference by Feature Overwriting

The negative effect of feature overlap between memory
items and distractors converges with findings from my
lab with a different paradigm (Lange & Oberauer, 2005;
Oberauer & Lange, 2008). The present finding is more
diagnostic than those in the previous studies because it
shows a negative effect of feature overlap in conditions
in which similarity had no effect. This contrast rules out
the alternative explanation that feature overlap impairs re-
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call by increasing response competition. The present Ex-
periments 7 and 8 therefore provide strong evidence for
feature overwriting, the mechanism of interference that
lies at the core of our model of working memory capacity
(Oberauer & Kliegl, 2006).

Feature overwriting as a mechanism of interference can
also explain why interference is reduced when items and
distractors come from different broad categories, such as
numbers versus words (Conlin et al., 2005; Li, 1999) or ver-
bal versus spatial material (Bayliss, Jarrold, Gunn, & Bad-
deley, 2003; Machara & Saito, 2007). Numbers and words
share phonological features, but few—if any—semantic
features; verbal and nonverbal materials have very few fea-
tures in common. Therefore, the chance of feature overwrit-
ing is much reduced between materials from different broad
content categories (for a formal model of between-category
interference, see Oberauer & Kliegl, 2006).

If overwriting of phonemic features contributes to inter-
ference, why did it not produce a negative effect of phono-
logical similarity? Phonologically similar distractors share
most of their phonemes with the related memory items. In
fact, the last two rows of Table 2 show that the degree of
phoneme overlap in the phonologically similar conditions
of Experiments 1, 3, and 5 was even higher than that in
the high-overlap condition of Experiments 7 and 8. Ex-
periment 8 provided a direct comparison between high
similarity and high overlap with low similarity. The two
conditions differed little in the degree of overlap; their
only difference was that in the high-similarity condition,
each distractor was the phonological neighbor of one item.
Recall was better in the high-similarity condition, demon-
strating that similarity of distractors has a beneficial effect
on item memory. This beneficial effect compensates for
the negative effect of high phoneme overlap.

The beneficial effect of similarity is difficult to explain
with the superposition hypothesis because the distractors
did not systematically follow the items they were similar
to. An alternative explanation is that phonological neigh-
bors activate each other in LTM (Roodenrys, Hulme,
Lethbridge, Hinton, & Nimmo, 2002). Similar distractors
would then help to maintain activation of memory items
without themselves intruding because they are excluded
from the response set. This mechanism could also provide
a post hoc explanation for the positive effect of phonologi-
cal similarity on item memory in the articulatory-rehearsal
group of Experiment 5. When phonological encoding is
encouraged by the rehearsal instruction, the mutual acti-
vation of neighbors might be strong enough to overcome
the adverse effect of feature overwriting from distractors
that are similar to memory items.

The overall picture thus points to a revised version of
the hypothesis that beneficial and damaging effects of
similarity cancel each other. Distractors that are phono-
logically similar to memory items have an adverse effect
on memory—primarily item memory—because they
generate a larger amount of feature overwriting, as com-
pared with dissimilar distractors. At the same time, pho-
nologically similar distractors activate each other in LTM,
thereby assisting memory for items.

Distraction of Attention

The effect of reading pace on memory clearly supports
a role for distraction of attention in determining memory
accuracy, as is envisioned in the time-based resource-
sharing model (Barrouillet et al., 2004). In that model, an
attentional mechanism must switch between processing
the distractors and refreshing memory traces. During the
processing of distractors, memory representations are as-
sumed to decay, and in the pauses between distractors, the
attentional mechanism can refresh them. With a slower
pace, there is more opportunity for refreshing, resulting
in better memory.

The consistent effect of pace is evidence for the idea
of a general, capacity-limited processing mechanism that
must switch between processing and refreshing, but it has
no bearing on the cause of forgetting. If we replace decay
by some form of interference in the time-based resource-
sharing model, the same beneficial effect of a slower pace
would be predicted, because a slower pace implies more
time for an attentional mechanism to restore partially de-
graded representations. Rather than reactivating a partially
decayed trace, the attentional mechanism can be assumed
to repair a representation that has been partially degraded
by feature overwriting.

Conclusion

To conclude, the present experiments helped to specify
the mechanisms by which a concurrent processing task
disrupts recall in the complex span paradigm. There
was clear evidence for two interference mechanisms—
distraction of general attention and feature overwriting—
and tenuous evidence for a third, superposition. Response
competition, the mechanism held responsible by most
researchers for interference between items of a memory
list as well as for proactive interference, is unlikely to be
an important factor for interference between storage and
processing in working memory.

A speculative integration of the mechanisms of in-
terference identified could be as follows: While being
processed, a distractor is encoded to some degree into
working memory; that is, its features are temporarily
bound to a context representation that partially overlaps
with the context of the memory items. This has two con-
sequences for the memory items. First, already encoded
memory items are likely to lose some of those features
that they share with the distractor (i.e., these features are
“overwritten” in the memory items). Second, the bind-
ings between features of the distractor and its context
add some disturbance to the bindings between the mem-
ory items’ features and their contexts, as is specified in
the superposition hypothesis. Thus, distractor interfer-
ence is both subtractive and additive: It takes away some
feature-context bindings from the memory items, and it
adds some new feature-context bindings. Finally, an at-
tentional mechanism is shared between processing the
distractor and repairing degraded memory representa-
tions. Thus, when there are longer intervals between suc-
cessive distractors, the attentional mechanism has more
time to repair the representations of memory items. One
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plausible mechanism of repair is through redintegration;
that is, the partially degraded traces of words in work-
ing memory are used to recall the corresponding intact
representations in LTM. With that information, features
that are lost to a distractor through overwriting can be
replaced, and features that are added by a distractor can
be removed. Redintegration is likely to be easier if the
LTM representations are already primed, and that could
explain why similarity between distractors and memory
items seems to have a beneficial effect on recall. This
speculative account is essentially a version of the time-
based resource sharing model (Barrouillet et al., 2004)
in which interference either replaces or combines with
decay as the cause of forgetting. One prediction that
seems to follow from it is that the adverse effect of feature
overlap should be ameliorated to the degree that there is
time for repairing representations. Such an interaction
between processing pace and feature overlap, although
not significant, is hinted at in the data from Experiment 7
(see Figure 1).
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NOTES

1. There was one accidental exception in which the distractor differed
by two phonemes (dream—seam).

2. The fact that performance in Experiments 7 and 8 was worse than
in the preceding experiments can be explained by the different materials
used. For instance, Experiment 7 used a larger vocabulary for memory
words (191 vs. 48), implying fewer repetitions.

3. Strict adherents to null hypothesis testing with the conventional
.05 a level might find comfort in the fact that the p values in Tables 3—5
are for two-tailed tests. Because the overwriting effect was theoretically
predicted and had an empirical precedent in Experiment 7, a one-tailed
test is adequate for this effect in Experiment 8, yielding p = .04. Thus,
the effect was significant by conventional standards.
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