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Abstract

■ Although storage in working memory (WM) can be tracked
via measurements of ongoing neural activity, past work has
shown that observers can maintain access to that information
despite temporary interruptions of those neural patterns. This
observation has been regarded as evidence for a neurally silent
form of WM storage. Alternatively, however, unattended infor-
mation could be retrieved from episodic long-term memory
(eLTM) rather than being maintained in WM during the
activity-silent period. Here, we tested between these possibili-
ties by examining whether WM performance showed evidence
of proactive interference (PI)—a hallmark of retrieval from

eLTM—following such interruptions. Participants remembered
the colors (Experiments 1–3) or locations (Experiment 4) of seri-
ally presented objects. We found PI for set sizes larger than 4,
but not for smaller set sizes, suggesting that eLTMmay have sup-
ported performance when WM capacity was exceeded. Critically,
performance with small set sizes remained resistant to PI, even
following prolonged interruptions by a challenging distractor
task. Thus, we found evidence for PI-resistant memories that
were maintained across likely interruptions of storage-related
neural activity, an empirical pattern that implies activity-silent
storage in WM. ■

INTRODUCTION

Workingmemory (WM) refers to our ability to hold a small
amount of information available for ongoing cognitive pro-
cesses. Two features distinguish WM from episodic long-
term memory (eLTM). First, WM has a severely limited
capacity—typically nomore than three or four distinct rep-
resentational units or chunks (Cowan, 2001). Second, the
contents of WM are protected against proactive interfer-
ence (PI) from information in eLTM (Oberauer & Greve,
2022; Oberauer, Awh, & Sutterer, 2017).

Advances in neuroscience have made it possible to
decode the contents of WM from the spatial distribution
of BOLD or EEG signals during the maintenance interval
of a WM task (Foster, Sutterer, Serences, Vogel, & Awh,
2016; Christophel, Hebart, & Haynes, 2012; Harrison &
Tong, 2009; Serences, Ester, Vogel, & Awh, 2009). Using
these techniques, it has been shown that when observers
are cued to selectively attend to a subset of the stored
items, that the decoding of unattended items often
drops to baseline (Hakim, Feldmann-Wüstefeld, Awh, &
Vogel, 2021; van Moorselaar et al., 2017; Rose et al.,
2016; LaRocque, Lewis-Peacock, Drysdale, Oberauer, &
Postle, 2013). In addition, when attention is directed back
to the unattended items, the active neural traces of those
items are often restored (van Moorselaar et al., 2017;
Sprague, Ester, & Serences, 2016; LaRocque et al., 2013;
Lewis-Peacock, Drysdale, Oberauer, & Postle, 2011).
Finally, unattended information in WM can be made
decodable by uninformative visual or neural impulses

(Rose et al., 2016;Wolff, Ding, Myers, & Stokes, 2015), sug-
gesting a lingering pattern of synaptic connectivity that
may enable maintenance of working memories in an
“activity-silent” manner (Stokes, 2015).
The idea that WM representations are maintained

through short-term changes to synaptic weights is in
agreement with a number of computational models of
WM, in which memory sets are maintained by binding
each item to its context, and context cues are used to reac-
tivate item representations for retrieval (Oberauer & Lin,
2017; Oberauer, Lewandowsky, Farrell, Jarrold, &Greaves,
2012; Lewandowsky & Farrell, 2008; Botvinick &
Watanabe, 2007; Burgess & Hitch, 1999). However, an
alternative interpretation of neurally silent memory states
is that currently unattended information is not held in WM
at all but maintained only in eLTM (Beukers, Buschman,
Cohen, & Norman, 2021; Foster, Vogel, & Awh, 2019).
Although it is clear that such episodic memories exist, it
is less clear what role episodic LTMmay play in demonstra-
tions of activity-silent WM.
The aim of the present work is to adjudicate between

these two hypotheses. Our rationale is that information
in an activity-silent WM should be protected against PI
from preceding events (Oberauer et al., 2017), whereas
information in eLTM should not. Thus, we considered
resistance to PI to be the “fingerprints” of storage in
WM. Our experiments build on previous work showing
that a simple distractor task (van Moorselaar et al.,
2017), and even the presentation of distracting stimuli
without any associated task (Hakim, Feldmann-Wüstefeld,
Awh, & Vogel, 2019), abolishes some well-established
neural signatures of WM maintenance but only modestly1University of Zurich, 2University of Chicago
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impairs memory performance. Thus, such tasks provide a
testbed for examining how memory performance is
affected by the interruption of storage-related neural
activity.
We tested WM with and without distraction during the

retention interval and varied the level of PI between trials.
In addition, we varied the size of the memory set, with
smaller sets within WM capacity (about three items) and
larger sets clearly exceeding it so that contributions from
eLTM were expected. We predicted that, without distrac-
tion, retrieval of small sets should be unaffected by PI
because it can rely on WM, whereas retrieval of larger sets
should show PI because of contributions from eLTM. The
key question is: Does an intervening task known to inter-
rupt active neural signatures of WM storage force partici-
pants to rely on eLTM even at small set sizes?
If that is the case, then performance in the distraction

condition should become vulnerable to PI even with a
small set size. By contrast, if the distractor task merely
draws attention away fromWM contents, which are mean-
while held in an activity-silent state in WM, then perfor-
mance on small memory sets should still be unaffected
by PI.

EXPERIMENT 1

With Experiment 1, we test the prediction that, to the
extent that thememory set size exceeds WM capacity, per-
formance becomes more reliant on eLTM. If that is the
case, then performance in a WM test should becomemore
vulnerable to PI when the set size exceeds WM capacity.
We used the task introduced by Brady, Konkle, Gill,

Oliva, and Alvarez (2013) for testing memory for arbitrary
object–color relations (see Figure 1), because it is suitable
for manipulating PI between trials. Participants were
presented with one to eight pictures of concrete objects
uniformly colored in a color drawn at random from a color
circle. Serial presentations ensured that all memoranda
were focally attended and encoded without competition
from other items; thus, even if capacity limits prevented
the concurrent maintenance of all items in WM, eLTM

traces of all items should have been encoded. At test, par-
ticipants had to reproduce the color of each presented
object by choosing it on the color circle. In the condition
with high PI, a small set of objects was used repeatedly
between trials, always with a new random color. In the
condition with low PI, each object was used only once
throughout the experiment.

Methods

Participants

Sixty students from the University of Zurich, between 18
and 35 years old, took part in a 1-hr session in exchange
for partial course credit or 15 Swiss Francs (about US$15).
They were allocated at random to four groups created
by crossing PI (high vs. low) with presentation time (short
vs. long), resulting inn=15per group. The sample size and
number of trials for this and the subsequent experiments
were initially set as a compromise between available
resources and our estimate of what was required to
measure medium-sized effects with this experimental para-
digm. As we planned to use Bayesian analysis methods,
we anticipated that we could increase the sample size in
case tests of theoretically important hypotheses were
ambiguous. This turned out to be unnecessary. The exper-
iments were carried out in accordance with the ethics
guidelines of the Faculty of Arts and Social Sciences at the
University of Zurich. All participants signed a consent form
after being informed about the experiment, and they were
debriefed about the purpose of the experiment after
completion.

Design

PI (high vs. low) and presentation time (300 vs. 1000 msec
interstimulus interval) were varied independently between
participants. Set size and delay were varied within partici-
pants. Memory sets consisted of one, two, three, four, six,
or eight objects. We varied the delay between presentation
and test for the smaller set sizes because, with sequential
presentation, the average retention interval between

Figure 1. Illustration of a trial
with set size 3. Objects with
random colors were presented
sequentially. After a variable
delay, all objects were tested in
a random order (only the first
test is shown). The tested
object was presented in white,
and participants selected the
color they remembered from
the color wheel.
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presentation and test increases with set size. For set sizes
1 and 2, we therefore used three delays. The shortest was
set to the standard delay of 1 sec between offset of the
last object and onset of the first test. The longest was set
to 8 × ISI + 1 sec (set size 1) or 7 × ISI + 1 sec (set size 2)
to approximately equate the average retention interval of
the small set sizes to the average retention interval of the
largest set size of eight objects. The intermediate delay
was 4 × ISI + 1 sec. For set size 3, there were two delays,
one of 1 sec, and the other set to 6 × ISI + 1 sec. The
higher set sizes were run only with the standard 1-sec delay.

Materials and Procedure

We used the 385 silhouette images of concrete nameable
objects of Oberauer et al. (2017) and combined them with
colors drawn at random from 360 colors on a color circle in
the CIE L× a× b color space, centered on L= 70, a= 20,
and b=38, with a radius of 60. The silhouette images were
presented uniformly in the chosen color against a gray
background. For the condition with high PI, a random
set of eight objects was selected as the object pool for each
participant, and the objects for each trial were a random
subset from that pool. For the condition with low PI, the
objects for each trial were sampled without replacement
from the pool of all 385 objects, until all objects were used
once, and then the full pool was reinstated for a second
round of sampling. For each trial, the objects were given
new random colors and presented in a random order. In
this way, in the high proactive interference condition the
same objects appeared repeatedly across trials, always
with a new color, creating a condition known to produce
strong PI. In the low proactive interference condition,
objects reappeared very rarely and only after many trials
with other objects, creating a condition with low PI
between trials.

Each trial began with a fixation dot presented for
50 msec in the screen center, followed by the sequential
presentation of the colored objects. The objects were pre-
sented for 250msec (fast) or 950msec (slow) in the screen
center, followed by a blank interval of 50 msec. After offset
of the last object and the delay, the test phase began with
the presentation of the fixation dot for 250 msec. Then,
one of the objects was presented in white in the screen
center, surrounded by a color wheel. Participants were
asked to select the color they remembered for that object
by clicking on the appropriate color in the wheel, upon
which the screen went blank apart from the fixation dot.
All objects were tested in this way in random order.1 For
each tested object, the color wheel was presented in a new
random orientation. After the final test, participants
started the next trial by pressing the space bar. Figure 1
shows an example trial.

The experiment was organized into two blocks. Each
block started with five practice trials (one for each set
size condition, with the intermediate delays for set sizes
1 and 2, and the standard delay for all others) followed by

110 test trials—10 for each of the combinations of set
size with delay. The practice trials were given in order
of ascending set size; the test trials were presented in a
random order.

Data Analysis

As dependent variable, we computed the absolute error of
color reproduction in degrees. We analyzed the data with
Bayesian linear mixed models run with the brms package
(Bürkner, 2017). For analysis, the dependent variable and
all independent variables were z-standardized so that all
estimated effects were on a standard effect size scale. This
enabled us to use the default priors for standardized effect
sizes recommended by Rouder, Morey, Speckman, and
Province (2012), except that we standardized the effect
sizes through division by the standard deviations of the
variables rather than by the standard deviation of the resid-
ual (see Singmann et al., 2021, for why standardization by
the residual is problematic).
Models were run with a Cauchy prior with scale = 0.5 on

fixed effects. Predictors varying parametrically over more
than two levels (i.e., set size, delay) weremodeled as linear
effects; predictors with two nominal levels were coded as
effect contrasts (−1 vs. 1). All models were applied to
unaggregated data. We tested the effects of interest
through model comparison through Bayes factors (BFs),
which we estimated with the bridge sampler (Gronau,
Singmann, & Wagenmakers, 2018). We started with the
full model including all fixed effects, as well as random
effects of subject on the intercept and on the within-
subject effects (i.e., random slopes) of the model
(Oberauer, 2022). In a first step, we tested the random
slopes by comparing the full model to a model in which
some or all random slopes were removed; for the subse-
quent steps, we maintained the random slopes that
received support through the BF.
We next tested fixed effects one by one by comparing

the current model to a constrained model obtained by
removing the fixed effect of interest from it but keeping
the corresponding effect in the random-effect structure
(unless it had been removed before). The BF in favor of
the unconstrained model reflects the strength of evidence
in favor of the tested effect. A BF10 > 1 is evidence for the
effect, whereas a BF10 < 1 is evidence against the effect,
and the BF in favor of the null, BF01, can be obtained as
its reciprocal: BF01 = 1/BF10. We started with testing the
highest-order interaction, then progressing to lower-order
interactions and finally main effects. At each step, we
removed effects from the model when the evidence was
against them but maintained them when the evidence
was in their favor; the resulting model served as the start-
ing point for subsequent testing of lower-order effects.
Table 1 summarizes the BFs from all linear mixed models
for Experiment 1 up to the two-way interactions (three-
way interactions are reported in the text).
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Table 1. Bayes Factors (BF10) from Tests of Fixed Effects in Experiment 1

Analysis 1 Main Effect Interaction with PI
Interaction with
Presentation Time

Set size 7.3 × 1038 7.0 790

PI 0.045 – 0.1

Presentation time 455 – –

Analysis 2 (Long Presentation Time) Main Effect Interaction with PI

Set size 4.4 × 1016 41

PI 0.14

Analysis 3 (Long Presentation Time,
Set Sizes 1–3) Main Effect Interaction with PI Interaction with Delay

Set size 3.2 × 10131 0.06 1.05

PI 0.06 0.32

Delay 0.44

Figure 2. Experiment 1: Mean error of reproduction as a function of set size and PI, for short (left) and long (right) presentation times. Error bars are
95% confidence intervals.
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Results

Figure 2 shows themean errors as a function of set size and
PI, split by the two presentation times. It is clear that with
the short presentation time, there was no effect of PI. With
the longer presentation time, PI impaired memory at set
sizes larger than 4. Analysis 1 applied a model to the full
data including set size, PI, and presentation time as predic-
tors. It confirmed the obvious main effects of set size and
presentation time and provided moderate evidence for
the predicted interaction of PI and set size. Although
the evidence pertaining to the three-way interaction had
an ambiguous BF10 of 1.08, it is clear from Figure 2 that
there was PI only in the slow-presentation group. There-
fore, Analysis 2 zoomed in on that subset of the data.
In the group with longer presentation time, there was
clear evidence for the predicted interaction of set size
and PI.

As there was no evidence for a main effect of PI across
set sizes, we focused on the two set sizes clearly exceeding

WM capacity (i.e., six and eight objects) for the longer pre-
sentation time. For that subset of conditions, a Bayesian
t test (Morey & Rouder, 2015) showed clear evidence for
PI, BF10 = 43.4.
The finding of PI only at the larger set sizes could be a

side effect of the longer average retention interval. This
would be in line with temporal distinctiveness models of
memory (Brown, Neath, & Chater, 2007), according to
which events are represented in memory on a psycho-
logical time dimension that is increasingly compressed
further from the present. As a consequence, events with
the same objective temporal separation become less dis-
tinctive on the time dimension in memory as they recede
into the past. In the present experiments, a longer reten-
tion interval would make the stimuli of the present trial
temporally less distinctive from stimuli of preceding tri-
als. This could lead to more PI between trials. To test this
possibility, Analysis 3 focuses on set sizes 1–3, for which
we varied the retention interval, again using only data
from the slow-presentation group. Figure 3 shows the

Figure 3. Experiment 1: Mean error of reproduction as a function of delay and PI for the three smallest set sizes, condition with slow presentation
time. Error bars are 95% confidence intervals.
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results. Even with delays up to 8 sec, there was no hint of
PI at these set sizes (the reciprocals of the respective
BF10 in Table 1 are BF01 = 14.7 against the main effect
of PI and BF01 = 3.2 against its interaction with delay),
contrary to the assumption that the PI we observed for
larger set sizes arose from their longer retention interval.
There was also evidence against the three-way interac-
tion, BF10 = 0.06.
A further way to gauge the effect of PI is through intru-

sions from previous trials. To the extent that episodic LTM
contributes to people’s responses, participants should
sometimes erroneously retrieve the color that the tested
object had on a previous trial. This was indeed the case
in the high-PI condition at set sizes 6 and 8 (see the sup-
plementary document on the OSF project: https://osf.io
/tp49k/).

Discussion

Experiment 1 confirmed that there is PI between trials if,
and only if, the memory set size exceeds WM capacity. We
found this only for the longer presentation time. This
could be because the short presentation time was not
suited for forming sufficiently strong representations in
eLTM to be of any use in the task, and as a consequence,
people did not try to draw on eLTM, or if they did, they did
not retrieve information strong enough to improve perfor-
mance regardless of the PImanipulation. For the following
experiments, we therefore used the longer presentation
time to investigate whether, after a distractor task that is
known to erase a neural signature of maintenance, PI will
be found even for smaller set sizes.

EXPERIMENTS 2 AND 3

Experiments 2 and 3 focus on what is probably the empir-
ically best-established neural signature of the load on
WM, the contralateral delay activity (CDA). The CDA is
a slow negative deflection of the EEG contralateral to
the to-be-remembered memory array. Its amplitude
increases with the number of to-be-remembered visual
objects up to the person’s WM capacity (Luria, Balaban,
Awh, & Vogel, 2016; Vogel, McCollough, & Machizawa,
2005). The CDA is vulnerable to disruption. An array of
objects presented during the delay, even when irrelevant
to the task, largely abolishes the CDA but has only a mild
effect on memory performance (Hakim et al., 2019). This
finding raises the question whether memory in those
trials in which the CDA was abolished relied on eLTM
or on a form of “activity-silent” WM that does not evoke
the CDA.
We used a subitizing task as the distractor task in the

retention interval to disrupt the CDA. Subitizing—the
enumeration of small sets of objects—has been shown
to generate a CDA of its own, with an asymptote that
increases with the set size of the to-be-enumerated set
up to four, and then levels off (Mazza & Caramazza,

2015). Therefore, we can be confident that subitizing
engages the process that causes the CDA. If that process
is the neurally active maintenance of objects in WM, then
subitizing three to five objects should abolish neurally
active maintenance of the object–color conjunctions
for two reasons. First, the process reflected by the CDA
has a capacity limit of about three to four objects, as
shown by the fact that the CDA asymptote plateaus with
about three (for WM maintenance) or four (for subitiz-
ing) objects, and therefore, the subitizing array should
replace the memory array from neurally active mainte-
nance. Second, if even an array of visual objects that
people try to ignore disrupts the CDA (Hakim et al.,
2019), then an array that people need to attend to should
do so, too.

Based on these assumptions, as well as a functional
definition of WM that includes PI resistance, we tested
the following predictions: If memory for object–color
conjunctions in the absence of the CDA relies on eLTM,
then we should observe PI even with small set sizes in the
condition with the subitizing distractor task. If, however,
small sets of objects are maintained during the interrup-
tion via a form of activity-silent WM that does not elicit a
CDA, then we should observe PI only for large set sizes,
regardless of the distractor condition.

Methods

Participants

Thirty-nine (Experiment 2) and 60 (Experiment 3) stu-
dents from the University of Zurich took part in a 1-hr ses-
sion in exchange for partial course credit or 15 Swiss
Francs. They were randomly allocated to two groups.

Design

PI was varied between groups. Set size (three vs. eight
objects) and distraction condition (without vs. with distrac-
tor task) were varied within participants. The distraction
condition was varied between blocks, and set size was
varied randomly within blocks. In Experiment 2, a single
subitizing trial was to be carried out in the retention inter-
val in the distraction condition. In Experiment 3, we
additionally varied the number of subitizing trials in that
condition (one, two, or four trials).

Materials and Procedure

The materials and procedure for the memory task were
the same as in Experiment 1. In the distraction condition, the
(first) subitizing trial started 200 msec after offset of the
last memory stimulus with the presentation of a 3 × 3 grid
in the upper half of the screen, centered horizontally, and
of three response boxes underneath it. The response
boxes were the digits 3, 4, and 5, ordered from left to right,
each surrounded by a rectangular frame (see Figure 4).
Another 200 msec later, the nine grid cells were filled with
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nine black figures—a random mixture of three, four, or
five squares in a random subset of cells and circles in the
remaining cells. Participants’ task was to determine as
quickly as possible the number of squares, ignoring the
circles, and to click on the corresponding response box
with the mouse. Once a response option was chosen,
the screen went blank.

One subitizing trial always lasted 3 sec. Participants had
a deadline for responding of 2 sec after the onset of the
subitizing array; when they responded before the dead-
line, the screen remained blank for the remainder of the
time until 3 sec have elapsed for the entire trial (starting
with the offset of the last memory stimulus); if they did
not respond before the deadline, the screen went blank
for the remaining time up to 3 sec, and the trial was
counted as error. In Experiment 3, the first subitizing trial
could be followed by one or threemore, each again lasting
3 sec. To match the retention interval between the dis-
traction and no-distraction conditions, the no-distraction
condition had an unfilled delay of 3 sec (Experiment 2),
or of 3, 6, or 12 sec, corresponding to the variation of the
number of subitizing trials (Experiment 3).

At the beginning of the experiments, participants prac-
ticed the subitizing task on its own for 30 trials. After that
they worked through six blocks of memory trials, alternat-
ing between the distraction and no-distraction conditions;
the order of conditions (starting with vs. without distrac-
tion in the first block) was counterbalanced across partic-
ipants. In Experiment 2, each block consisted of 16 test
trials (eight per set size). In Experiment 3, each block con-
sisted of 12 test trials, evenly split among trials with one,
two, and four distractor trials, or the corresponding
unfilled delay durations. The first two blocks were pre-
ceded by four practice trials (two per set size).

Results

Figures 5 and 6 show the reproduction errors as a func-
tion of set size and PI, separately for the two distraction
conditions, for Experiments 2 and 3, respectively. In both
experiments, there was PI at the larger but not the
smaller set size, regardless of distraction. Tables 2 and
3 summarize the BFs in favor of the fixed effects up to
the two-level interactions for Experiments 2 and 3,
respectively (Analysis 1). Most important for our hypoth-
eses, there was strong evidence against the three-way
interaction of set size, PI, and distraction (Experiment 1:
BF01 = 82.6; Experiment 3: BF01 = 54.2). In both experi-
ments, there was strong support for the interaction of
set size and PI. In addition, distraction had a detrimental
main effect on performance. The interaction of distrac-
tion with set size reflects a stronger detrimental effect of
distraction at the smaller set size, as would be expected if
performance with the smaller set size relied more exclu-
sively on WM, whereas performance with the larger set
size relied in part on eLTM, and WM—but not eLTM—is
vulnerable to distraction by a secondary task (Glanzer &
Cunitz, 1966).
Across both set sizes together there was no evidence for

a main effect of PI. To assess whether there was PI at the
larger set size, we ran follow-up analyses focusing on set
size 8 only (Analysis 2). For that set size, there was strong
evidence for the main effect of PI and against its interac-
tion with distraction condition (see Tables 2 and 3 for
the corresponding BF10 values).
With Experiment 3, we tested again whether PI emerged

at the smaller set size when the retention interval was
prolonged (in the no-distraction condition) or when
more distractor trials had to be carried out, in addition

Figure 4. Illustration of a subitizing trial following the last presented memory stimulus in the distractor conditions in Experiments 2 and 3.
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to a longer retention interval (in the distraction condi-
tion). Figure 7 shows that this was not the case. Even
after a 12-sec delay and four subitizing trials, PI was
observed only for set size 8, not for set size 3. The statis-
tical evaluation of this pattern (Analysis 3) relied on a
model with four predictors: Set size, PI, distraction con-
dition, and delay duration (including the number of dis-
tractors, if any); here, we focus only on the new effects
involving the latter predictor. There was compelling evi-
dence against the four-way interaction, BF01 = 70.0, as
well as all three-way interaction involving delay duration
(Set Size×PI×Delay: BF01= 97.8; Set Size×Distraction×
Delay: BF01=64.5; PI×Distraction×Delay, BF01 = 105.7).
A model omitting the four-way and all three-way interac-
tions received unambiguous support compared with the
model with all fixed effects, BF10 = 2.6 × 109. Therefore,
we conclude that delay duration does not modulate the
interaction of set size and PI. The subsequent tests of
lower-order effects took the model with all main effects
and two-way interactions for comparison; Table 3 sum-
marizes the BF10. There was strong evidence against
the interaction of delay duration with set size, (BF10 =
0.01; BF01 = 95.2) and of delay duration with distraction

condition (BF10 = 0.032; BF01 = 31.0); evidence on the
interaction with PI was ambiguous, BF10 = 1.15. Finally,
there was strong evidence against a main effect of delay
duration (BF10 = 0.017; BF01 = 59.0).

A further analysis on set size 3 only revealed strong evi-
dence against a main effect of PI (BF10 = 0.059; BF01 =
17.0), against the interactions of PI with distraction condi-
tion (BF10 = 0.019; BF01 = 53.4), and the interaction of PI
with delay (BF10 = 0.047; BF01 = 21.1). Therefore, we can
be confident that PI does not arise with longer retention
intervals when the set size is within WM capacity.

Discussion

Experiments 2 and 3 provide evidence for an activity-silent
form of WM. With small set sizes that did not exceed
WM capacity, participants were able to reproduce the
memoranda without any evidence of PI, even after an
interruption of storage-related neural activity. The PI
resistance with smaller set sizes contrasts with robust evi-
dence of PI with larger set sizes that are expected to gar-
ner contributions from eLTM, a finding that demonstrates
our task’s sensitivity to this key signature of eLTM

Figure 5. Experiment 2: Mean error of reproduction as a function of set size and PI, for conditions without and with distraction by one subitizing trial
in the retention interval.
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function. The critical interaction of PI with set size does
not depend on the duration of the retention interval,
confirming the conclusion from Experiment 1 that PI at
the larger set sizes is not caused by reduced temporal

distinctiveness. The number of distractors did not modu-
late that pattern either, and it did not even have a main
effect. Apparently a single subitizing trial is enough to
cause the—modest—impairment of WM performance,
and additional trials do not add to that damage. One
explanation for that pattern is that a single subitizing
trial wipes out the neural activity that is reflected in the
CDA but does not affect the representation in the
activity-silent form of WM. Additional subitizing trials
cause no further damage because there is no neural
activity left to disrupt.

EXPERIMENT 4

With the final experiment, we focus on a second neural sig-
nature of maintenance in WM, the decodability of memory
contents from the spatial pattern of EEG alpha power.
When people hold one or two locations on a circle in
WM, these locations can be decoded with an inverted-
encoding model from the alpha-power distribution over
electrodes (Sutterer, Foster, Adam, Vogel, & Awh, 2019;
Foster et al., 2016). This decodability is temporarily

Table 2. Bayes Factors (BF10) in Favor of the Fixed Effects,
Experiment 2

Main
Effect

Interaction
with PI

Interaction with
Distraction

Analysis 1

Set size 5.05 × 1013 1666 8.0

PI 0.6 0.016

Distraction 670

Analysis 2 (Set Size 8 Only)

PI 53.2 0.017

Distraction 0.021

Figure 6. Experiment 3: Mean error of reproduction as a function of set size and PI, for conditions without and with distraction by one subitizing trial
in the retention interval.
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disrupted by a single visual search trial during the reten-
tion interval, with only negligible damage to memory
performance (van Moorselaar et al., 2017). Here, we inves-
tigate whether the same visual search task forces partici-
pants to outsource memory for locations to eLTM, so that
it suffers PI even at small set sizes.

Methods

Participants

Sixty students of the University of Zurich took part in
exchange for partial course credit or 15 Swiss Francs. They
were assigned at random to two groups.

Design, Materials, and Procedure

The design was identical to Experiment 2. The memory
task was adapted so that we could test memory for loca-
tion: The same objects as in the preceding experiments
were displayed, but this time in white, and on a randomly
chosen location on a virtual circle centered on the screen
center, with a radius of 0.2 times the screen width (about
6° of visual angle at a distance of 1 m). At test, instead of a
color wheel, participants saw a dark gray circular bandwith
the same radius as the object locations, and they were
instructed to select the location of the test object in that
band. In all other respects, the memory task was the same
as in Experiment 2.

Instead of subitizing, the distractor task was modeled
after the visual search task of van Moorselaar et al.
(2017). After the offset of the last memory stimulus, a
200 msec blank screen, and a fixation cross shown for
300 msec, participants saw a circular arrangement of eight
colored frames; the two frames in opposite locations had
the same color. After 800 msec, each frame was filled with
a character. Participants were instructed to determine the
identity of a single digit among seven letter distractors. In
87.5% of the trials , the digit appeared in one of the two red
frames, and participants were informed of that. The char-
acters were masked by the digit “8” after a short interval,
determined individually through calibration to approxi-
mate 66% correct responses (Kaernbach, 1991) in the first
phase of the experiment, in which participants did 64
search trials. In the second phase, when the search task
was combined with the memory task, the presentation
duration of the search stimuli was held constant at the cal-
ibrated time for each participant. Participants completed
six test blocks of the memory task, each with 16 trials
(eight per set size).

Results

The results, presented in Figure 8, replicate the key find-
ing of the preceding two experiments: PI interacted with
set size, and that interaction did not depend onwhether or
not there was a distraction task in the retention interval:

Table 3. Bayes Factors (BF10) in Favor of the Fixed Effects, Experiment 3

Main Effect
Interaction
with PI

Interaction with
Distraction

Interaction with
Delay/Number of Distractors

Analysis 1

Set size 5.2 × 1021 2163 68.0

PI 0.28 0.01

Distraction 8.7 × 108

Analysis 2 (Set Size 8 Only)

PI 25.5 0.024

Distraction 0.49

Analysis 3

Set size 5.2 × 1021 2205 69.2 0.01

PI 0.27 0.015 1.15

Distraction 8.9 × 108 0.03

Length of delay/number
of distractors

0.017

Oberauer and Awh 2369

D
ow

nloaded from
 http://direct.m

it.edu/jocn/article-pdf/34/12/2360/2056505/jocn_a_01917.pdf by ZEN
TR

ALBIBLIO
TH

EK ZU
R

IC
H

 user on 19 N
ovem

ber 2022



There was strong evidence against the three-way interac-
tion, BF01 = 61.3. The BFs of the remaining effects are
summarized in Table 4.

The pattern of effects in Figure 8 appears to differ from
that in the preceding experiments in that there was at best
a small detrimental effect of PI at set size 8. Indeed, evi-
dence for the main effect of PI at set size 8 was only ambig-
uous, BF10 = 1.6. The interaction of PI with set size was in
part due to the apparent slight beneficial effect of high PI
at set size 3 (although the main effect of PI at set size 3 was
not statistically supported, BF10 = 0.18). Compared with
Experiments 2 and 3, it looks as if there was an overall ben-
eficial effect of the condition with high PI independent of
set size, together with the detrimental effect only at the
larger set size. We can only speculate about what might
have caused the beneficial effect: In the condition with
high PI, participants acquire more familiarity with the
often-repeated objects, and that could have facilitated
binding these objects to locations more than facilitating
their bindings to colors. Evidence that familiarity of visual
objects facilitates memory for bindings involving these

objects, at least in eLTM, comes from a study by Reder,
Liu, Keinath, and Popov (2016).
Additional evidence for a contribution of eLTM to loca-

tion recall comes from the analysis of intrusions from
previous trials (see the supplementary document on
the OSF project: https://osf.io/tp49k/).

Discussion

Experiment 4 extends our result to a procedure that past
work has used to measure spatially selective alpha activity
during a spatial WM task. This alpha signature of WM
storage was temporarily eliminated by the imposition of a
visual search task during the delay period (van Moorselaar
et al., 2017). Here, the samedistractor task did not lead to PI
when the memory set size was within WM capacity. Only
with a set size clearly exceeding WM capacity was there a
hint of PI, regardless of distraction. This is the result
expected on the assumption that a small set of spatial loca-
tions can be maintained in a form of WM that is not accom-
panied by spatially selective patterns of alpha activity.

Figure 7. Experiment 3: Mean error of reproduction as a function of the retention interval (no-distraction condition) and as a number of distractor
trials (distraction condition).
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GENERAL DISCUSSION

When neural signatures of maintenance of information in
WM are disrupted by withdrawing attention from it, peo-
ple’s ability to remember the information is often pre-
served. This ability could reflect a form of “activity-silent”
WM or eLTM. Across three experiments, we tested com-
peting predictions from these two explanations, using PI
resistance as the functional “fingerprints” of WM storage.
The results consistently favored the assumption of
“activity-silent” WM: After distraction by a secondary task,
memory sets within the capacity ofWM are still maintained
without PI from previous trials. This contrasts with
memory sets clearly exceeding WM capacity, for which

we observed PI regardless of whether or not people were
distracted.

Taken together, these findings support the following
conclusions: In experimental paradigms typically used
for investigating WM, representations are formed both in
WM and in eLTM, though apparently more slowly in the
latter. Whereas eLTM is prone to PI from outdated infor-
mation, such as stimuli from previous trials, that informa-
tion is cleared from WM, so that information in WM does
not suffer interference from it. When possible, people
meet thememory demand at test by drawing only on infor-
mation in WM, but when that fails—for instance, when the
memory set far exceeds WM capacity—they draw on eLTM
as a backup. When people are forced to attend to and

Table 4. Bayes Factors (BF10) in Favor of the Fixed Effects, Experiment 4

Experiment 4 Main Effect Interaction with PI Interaction with Distraction

Set size 2.0 × 1030 3.0 × 105 1.4 × 1027

PI 0.06 0.41

Distraction 8.1 × 1057

Figure 8. Experiment 4: Mean error of reproduction as a function of set size and PI, for conditions without and with distraction by one visual search
trial in the retention interval.
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process distracting information during the retention inter-
val, that impairs but does not abolish their ability to hold
the memoranda in WM. This is the case even if the distrac-
tion eliminates neural signals that correlate with mainte-
nance in WM, such as the CDA, and patterns of alpha
activity that track the spatial position of stored items.

The notion of WM maintenance in the absence of
known neural correlates has been referred to as “activity-
silent” WM (Stokes, 2015). This label should be inter-
preted cautiously: Our conclusion that there is a form of
“activity-silent” WM means that there is a form of tempo-
rary memory that meets defining characteristics of WM—a
limited capacity and protection against PI from outdated
information—and functions despite the interruption of
specific established neural correlates of WMmaintenance.
As it is not possible to measure the absence of all possible
kinds of neural activity, we do not wish to claim that this
form of WM is accompanied by no neural activity at all (cf.
Christophel, Iamshchinina, Yan, Allefeld, &Haynes, 2018).

If neural processes reflected in the CDA and in the dis-
tribution of alpha power are not necessary for mainte-
nance in WM, then what is their function? One possibility
is that there are two kinds ofWM, one reliant on these neu-
ral processes and the other not. In the absence of disrup-
tion, people can draw on both to guide their behavior;
with distraction, they lose the first, leading to impaired
but not catastrophic performance. Another possibility is
that these neural processes underlie attention to the
contents of WM. This interpretation is supported by the
fact that both the CDA and the decodability of spatial
information from alpha power have been observed in
tasks that require attention to, but no memory of, the
stimuli. For instance, the CDA is elicited by subitizing
(Mazza & Caramazza, 2015) and multiobject tracking
(Drew, Horowitz, Wolfe, & Vogel, 2011; Drew & Vogel,
2008). Decoding of locations from alpha power has been
demonstrated for locations that people attend to without
having to remember them (Foster, Sutterer, Serences,
Vogel, & Awh, 2017). This interpretation has the advantage
of parsimony because it does not require introducing a
new construct—a second form of WM. With this interpre-
tation, the conclusion from the present work can be
described as an additional confirmation of an assumption
that other findings have already supported (Oberauer,
2019): Information can be maintained in WM without per-
sistent attention to it.

One could object to this interpretation that WM, by def-
inition, involves directing attention toward items that are
held “in mind.” Indeed, past theorists have often posited
an equivalence between WM and the “focus of attention”
(e.g., Foster et al., 2019; Hakim et al., 2021; Cowan, 2001).
Although we acknowledge that the memories were not
held “inmind” during the interruption by a secondary task,
we have provided clear positive evidence that these
activity-silent representations share two key functional sig-
natures of WM storage: The representations are protected
from PI, and they are subject to a similarly limited capacity.

Thus, by revealing novel functional characteristics of these
activity-silent representations, our work provides an
important complement to past demonstrations that mem-
ory representations can still be accessed following inter-
ruptions of storage-related patterns of neural activity.
Future research might analyze how they differ functionally
(Masse, Yang, Song, Wang, & Freedman, 2019): Which
cognitive process can only operate with a representation
when it is attended to and accompanied by a characteristic
signature of neural activity?
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Note

1. In experiments on visual WM, researchers often test only
one array item, whereas in experiments on verbal WM, all items
are usually tested. We tested all items to obtain more informa-
tion per trial.
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