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Abstract

Ideally, removing outdated information from working memory (WM) should have two consequences: The removed content
should be less accessible (removal costs), and other WM content should benefit from the freeing up of WM capacity (removal
benefits). Robust removal benefits and removal costs have been demonstrated when people are told to forget items shortly
after they were encoded (immediate removal). However, other studies suggest that people might be unable to selectively
remove items from an already encoded set of items (delayed removal). In two experiments (n=219; n=241), we investi-
gated the effectiveness and consequences of delayed removal by combining a modified version of Ecker’s et al. (Journal of
Memory and Language, 74, 77-90, 2014) letter updating task with a directed-forgetting in WM paradigm. We found that
while delayed removal resulted in reduced memory for the to-be-forgotten item-location relations (removal costs), it failed to
enhance performance for existing WM content. This contrasts sharply with immediate removal, where removal benefits can
be observed. A fine-grained analysis of removal benefits shows that removal from WM proactively facilitates the subsequent

encoding of new information but does not retroactively aid stored WM content.
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Introduction

Working memory (WM), which holds mental representations
temporarily available for processing or action (Oberauer
et al., 2018), has severely limited capacity. Because of our
ever-changing environment and the corresponding fre-
quent shifts in our thoughts, the contents of WM must be
constantly updated. WM updating has been described as
a combination of two processes: (1) the removal of infor-
mation from WM and (2) the encoding of new informa-
tion in its place. The removal of outdated information from
WM should have two consequences (Lewis-Peacock et al.,
2018). First, the removed content should be less accessible
(removal costs). Second, freeing WM capacity for relevant
information should benefit remaining WM contents (removal
benefits).

A recent study (Dames & Oberauer, 2022) provided
evidence for both these predictions. In a series of four
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experiments, participants were instructed to remember up
to six words. After the offset of each word, a cue indicated
whether this word should be remembered or could be for-
gotten. Additionally, there were two baseline conditions in
which all words had to be remembered. In the large set-size
baseline, all six presented words were to be remembered. In
the small set-size baseline only three (+ 1) words were pre-
sented, all of which were to be remembered. In the removal
condition, three (+ 1) out of six words were cued to be for-
gotten, so that the number of remaining to-be-remembered
words was equal to the small set-size baseline. Dames and
Oberauer (2022) found that performance for the remaining
to-be-remembered words in the removal condition was as
good as for the small baseline condition, and much better
than when all six words had to-be-remembered (i.e., the
large baseline condition). This finding demonstrates removal
benefits: After removing to-be-forgotten items, memory for
the remaining items was as good as if the to-be-forgotten
items had never been presented.

On a small subset of trials, one of the to-be-forgotten
words was probed—on all other trials, only to-be-remem-
bered words were tested. For to-be-forgotten words, memory
performance was much poorer than for to-be-remembered
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Fig. 1 Difference between immediate and delayed removal. Note. In
immediate removal, presentation of each item is followed by a cue to
maintain or forget the item before further items are presented. In the
example display, the orange box frame instructs participants to forget

words. This finding shows the removal cost. Together, con-
sistently poor memory for to-be-forgotten words and facilita-
tion of to-be-remembered words demonstrated that people
can remove outdated information from WM.

Because in Dames and Oberauer (2022) removal (or
remember) cues were presented immediately after the off-
set of each word, participants always removed items from
WM that were most recently encoded. We term this kind
of removal immediate removal (see Fig. 1, left side). In the
current study, we explore whether people can also remove
information from WM that is not the last information they
have encoded (delayed removal), such as when being asked
to forget a particular word from an already fully encoded set
of words (see Fig. 2, right side).

There is good reason to question the efficiency of delayed
removal in comparison to immediate removal. Previous
research by Oberauer (2018) employed a paradigm akin to
that of Dames and Oberauer (2022), except that removal
cues were given only after the complete memory set had
been encoded. These cues did not yield a removal benefit.
Memory accuracy for the to-be-remembered information in
the removal condition, in which three of the six words were
cued to be removed, was not better than that of the large set-
size baseline in which all six words had to be remembered.
Because Oberauer (2018) never tested memory strength of
the to-be-forgotten words directly, his findings are compat-
ible with two possibilities: (1) People might be unable to
selectively eliminate information from an already encoded
memory list in WM, or (2) participants were able to remove
information, but doing so did not benefit the already encoded
items in WM.

@ Springer

the word that was presented at that location. In delayed removal, all
items of the memory set are presented and encoded, and then a subset
is cued as to-be-removed

In the current study, we aim to decide between these two
possibilities. By occasionally probing memory for a to-be-
removed item, we test whether people are able to remove
specific items from an already encoded set of items (delayed
removal). Further, by examining the differences between
immediate and delayed removal, we aim to precisely deter-
mine the conditions under which removal benefits are
obtained.

Experiment 1

We first aimed to test the existence of removal costs and ben-
efits for delayed removal. For this, we asked participants to
remember six words presented one-by-one across six boxes.
Then, participants worked through three removal or updating
steps. In each of these steps, one of the six boxes was cued,
indicating that the word in that box should be forgotten. Fol-
lowing the cue, either a new word was presented (updating
condition) or “####” was presented, signaling that no new
word had to be encoded but the old word could still be for-
gotten (removal condition). We mixed removal steps with
updating steps so that people would be more motivated to
remove the cued item when they expected that they might
have to replace it with a new item.

After participants completed all three steps, we tested
their memory for a subset of the words. In most of the trials,
we tested participants’ memory for the to-be-remembered
words (either for words that had not been cued, or for newly
encoded words in updating boxes). On a small subset of
trials, we tested participant’s memory for a to-be-forgotten
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Fig.2 General trial structure of Experiment 1

word from a removal-only box (in which “####” was pre-
sented). We did this only rarely to avoid creating an incen-
tive for trying to remember to-be-removed items.
Occasionally testing the to-be forgotten words enabled
us to test removal costs by assessing to what extent par-
ticipants are still able to remember the last contents of
“####” boxes or not. Additionally, by asking participants
to forget some information without encoding new informa-
tion (removal condition), we tested whether memory perfor-
mance improved when the final memory set size decreased
by removing items without replacing them with new stimuli,
thereby assessing removal benefits: If removal was success-
ful, it should reduce the set size at the time of test to 6-X,

where X is the number of to-be-forgotten items. To test this,
we analyzed whether memory for the to-be-remembered
items increased with the number of to-be-forgotten items,
demonstrating removal benefits (Dames & Oberauer, 2022;
Oberauer, 2018).

Method

Methods, hypotheses, and the data analysis procedures were
preregistered and can be found online (https://osf.io/ae632).
The preregistration also provides more detailed information
on the randomization procedure.
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Participants and exclusion criteria

In total, 302 native English speakers were recruited via the
web-based participation platform Prolific for participation
in the online experiment. To ensure high data quality, we
instructed participants not to leave their browser window
while completing the memory task. If they did so more than
twice, the experiment automatically aborted, and no data
were collected. To ensure that participants paid attention
to our instructions, we excluded participants who failed
two attentions checks during the instructions (no data were
collected).

After applying a list of preregistered exclusion criteria,
the final sample consisted of 219 participants (M, =27.6
years, SDage=4.5, range: 18-35 years; 57.1% male, 41.1%
female, 1.8% other): We excluded participants who stated
that they did not participate seriously in the experiment, or
did not agree that their data could be used (n=2), who had
technical issues during completion (n=2), who indicated
that they used paper and pen to remember the words (n=2),
and who had a mean error rate (old vs. new selection) of
higher than 30% for responses to no-change boxes in set-size
6-3 trials (n=15; see below for a description of the different
set-size conditions). Additionally, we excluded 62 partici-
pants who did not follow or misunderstood the instructions
(i.e., stated that they tried to remember the word originally
presented in a box upon a “####”; see Experiment 2 for a
solution to this issue).

We collected a large sample because we were interested
in memory performance of to-be-forgotten items, which
we tested only in three trials per participant within the
entire experiment. The sample size was chosen based on
prior experiments (Dames & Oberauer, 2022). As we used
Bayesian analyses, we planned to increase the sample size
if we found that some hypothesis tests were ambiguous (i.e.,
Bayes factors between 1/3 and 3; this criterion was prereg-
istered). This turned out not to be necessary.

We only recruited participants with normal or corrected-
to-normal vision who did not participate in our previous
studies in which we tested to-be-forgotten information. Par-
ticipants signed an informed consent form prior to the study,
and they were debriefed at the end. The study protocol is in
line with the guidelines of the institutional ethics review
board.

Material

Frequent English nouns with a length of four or five let-
ters served as stimuli. For every participant, words were
randomly drawn from a pool of 600 frequent words (mean
Kucera-Francis written frequency =79.2). A list of all word
stimuli can be found online within our OSF repository. The
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experiment was programmed using jsPsych (de Leeuw,
2015; Kuroki, 2021).

Trial structure

The structure of the experiment is illustrated in Fig. 2. A
given trial consisted of three phases: the encoding, the
removal-updating, and the test phase.

Encoding phase Participants first saw six rectangular
boxes arranged in a circle (60° apart from each other). Box
frames had thin black outlines and were presented on a white
background. In the encoding phase, after presentation of all
six empty boxes for 1 s, six words were displayed one by
one for 1-s each in a clockwise order starting in the left top
box at 10 o’clock. Participants were instructed to memorize
all words. Following each word offset, all boxes remained
empty for 0.5 s before the next word was presented in the
next box.

Removal-updating phase After the last word has been
presented, a series of updating/removal steps for a random
subset of three words followed. Each updating/removal
step began with an interval of 0.5 s during which all boxes
remained empty. Then the box of one word turned orange for
1.5 s, which served as a cue indicating that this word should
be forgotten. After that, either a new word was presented that
participants had to remember in place of the old word in that
box (updating condition), or “####” was presented signaling
that no new word had to be encoded but the old word could
still be forgotten (removal condition). The new word or the
“####” were presented until participants pressed the space
bar to indicate that they had completed the step (i.e., encod-
ing of the new word or the processing of the “####”), with
a maximum response time of 10 s. Then the next updating/
removal step followed. The distribution of removal versus
updating steps over the three steps of a trial differed depend-
ing on the set-size condition (see below).

Test phase After all updating/removal steps of a trial were
completed, participants’ memory for up to four (usually, to-
be-remembered) words was tested.

There were three different test types: (1) Tests of no-
change boxes—In that test type, the word was presented
during the encoding phase, did not receive any cue, and did
not undergo the updating process. The to-be-remembered
word was tested. (2) Tests of updating boxes—The word in
this box was cued and followed by a new word that was to
be remembered; the new to-be-remembered word was tested.
(3) Tests of removal boxes—The word in that box was cued
but no new word had to be remembered (“####” has been
presented). Accordingly, a to-be-forgotten word (followed
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by the “####) was tested. Participants were instructed that
in this case they should try to remember the word that had
originally been presented in that box.

We assessed participants’ item and binding memory in
form of a two-step test: First, we tested item memory (i.e.,
memory for which items had been presented in the current
trial) by presenting one to-be-remembered word together
with a completely new word in the center of the screen.
Using their computer mouse, participants selected the word
that was previously presented in that trial. Next, to measure
binding memory (i.e., memory of the relation between an
item and its location), we asked participants to select the
box in which the selected word was previously presented
by clicking on it. In the majority of trials (approximately
94%), only boxes still containing a to-be-remembered
word—updating boxes and no-change boxes—were tested
in random order. On three trials, we tested participants’ item
and binding memory for to-be-removed words belonging
to “####” boxes. In these trials, for the item memory test,
instead of a to-be-remembered word, a to-be-forgotten word
of that trial was presented together with a new word.

Set-size conditions There were four set-size conditions
described by the number of initially encoded words (always
6) minus the number of to-be-forgotten words: set-sizes
6-0, 6-1, 62, and 6-3. In the set-size 60 condition, dur-
ing the updating/removal phase, participants went through
three updating steps (three new words replaced the old ones)
and no pure removal steps. In contrast, in the set-size 6-3
condition, during the updating/removal phase, participants
could forget three words (replaced by ####) and thus went
through no updating steps. In the remaining set-size 6-X
conditions, out of the six words, participants could forget X
words without a replacement, and had to update the remain-
ing 3-X words that were cued. Across the whole experi-
ment, there were 12 trials per set-size condition (hence 48
trials in total). For set-size 60 trials (O removal-only + 3
updating boxes), we tested two random no-change boxes
and two random updating boxes. For set-size 61 trials (1
removal-only 4+ 2 updating boxes), we tested two random
no-change and both updating boxes. For set-size 6-2 trials
(2 removal-only + 1 updating box), we tested three random
no-change and one updating box. For set-size 6-3 trials (3
removal-only + 0 updating boxes), we tested the three no-
change boxes in random order.

In addition, there were three trials where we tested par-
ticipants’ memory for the to-be-forgotten words in removal-
only boxes (one trial with 2 removal-only boxes, one trial
with 3 removal-only boxes; and one trial with either 2 or 3
removal-only boxes, chosen at random). These trials were
randomly assigned to either the first (Trial 16), second (Trial
32), or third (Trial 48) position. To reduce the chance that

the trial with to-be-forgotten tests can be predicted, these
trial boxes were shuffled by adding + 1 trial at random.
Thus, in total there were 51 trials in the main part of the
experiment.

Procedure and instructions

After providing informed consent, instructions were given
on-screen. The instructions explained the general procedure
and the updating steps (see above). In the updating con-
dition, we instructed participants to press the space bar as
soon as they have remembered each new word and its spatial
position. In the removal condition, we instructed participants
to press the space bar as soon as they have forgotten the
word in the box marked with “####.” We told participants
to remember only the to-be-remembered words (learned dur-
ing the encoding phase, or the newly updated words) for a
subsequent memory test, and that they should try to forget
the cued to-be-forgotten words. We informed participants
that on very few occasions their memory for to-be-forgotten
words followed by a “####” would be tested. In such cases,
participants were instructed to do their best to remember the
to-be-forgotten words and their location. We told partici-
pants to nevertheless truly try to forget all items that are cued
to be forgotten, as this would make it potentially easier for
them to remember the to-be-remembered items. This is the
same procedure that was used in previous experiments inves-
tigating immediate removal (Dames & Oberauer, 2022), and
which led to a substantial removal cost when the to-be-for-
gotten items were tested. Participants were instructed not
to use any external help (e.g., use pen and paper) and to
respond as quickly and accurately as possible.

Following the instructions, we tested participants’ under-
standing of the task instructions. If participants failed one
question during this comprehension test, they had to re-
read the instructions. Next, participants practiced their task
on four trials. In the practice block, participants received
feedback (“correct”/ “incorrect”) immediately after their
responses. They received no feedback on their performance
for the remainder of the experiment. After the practice block,
participants had the option to reread the instructions and
redo the practice block, or proceed with the experiment.
Next, the main experimental block (51 trials) with the oppor-
tunity for short breaks after trial 20 and 40 followed.

Using a postexperimental questionnaire, we checked
whether participants had any suspicion about the purpose
of the experiment. We took special care to additionally
check whether participants correctly understood the task by
asking them about their comprehension of the instructions
and the task. Specifically, we asked what they were sup-
posed to do and what they actually did when they saw the
cue, and when they saw the “####.” Participants were also
asked to describe what they thought they were supposed
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to do when to-be-forgotten words were tested, and if they
tried to respond correctly on those trials. We additionally
assessed how they responded on to-be-forgotten tests using
a multiple-choice question. Last, we asked them about their
strategies to remember, forget, or update the words/boxes
and whether they used external help to remember the words.
Participants were debriefed about the reason behind testing
to-be-forgotten stimuli.

Data analysis

We analyzed the accuracy of responses to individual trials
using Bayesian generalized linear mixed models (BGLMMs)
assuming a Bernoulli data distribution predicted by a lin-
ear model using a logistic link function. We estimated these
models with the R package brms (Biirkner, 2017). All our
models included random intercepts for participants. For the
regression coefficients, we used moderately informative
normal priors with a mean of 0 and a standard deviation
(SD) of 1.! For the standard deviations of random effects,
we used weakly informative priors on the positive real line
(half student #-prior with three degrees of freedom and a
scaling parameter of 2.5). All categorical predictors were
coded as sum-to-zero contrasts, and continuous predictors
were mean-centered and normalized so that their SD=1.
We estimated the posteriors by sampling parameter values
using the No-U-Turn Sampler (NUTS; an extension of the
Hamilton Monte Carlo sampling method) as implemented in
Stan (Carpenter et al., 2017). We sampled four independent
Markov chains with 50,000 iterations each (2,000 warm up
each). To investigate convergence, we inspected R-hat values
(ratio of between-chain variance to within-chain variance).
R-hat values were < 1.01 for all parameters in every model.

We computed Bayes factors (estimated through the bridge
sampler; Gronau et al., 2017) to estimate the strength of evi-
dence for the null and the alternative hypothesis. To this end,
we fitted two competing, nested models for each hypothesis,
one including the effect of interest and one that did not. We
then compared the two models to calculate the evidence for
or against the effect in question. We report Bayes factors in
favor of an effect as BF,;, and Bayes factors in favor of the
null hypothesis as BF,,. We considered BFs larger than 3 to
be substantial evidence for one hypothesis over the other.
To give an example, a BF | of 3 would indicate that the data

! Please note, we originally preregistered to use moderately informa-
tive Cauchy priors with a scale of 0.353 and a mean of 0. However,
given the wide tails of the Cauchy distribution, this leads to an over-
representation of very small or large probabilities due to the used
logit link function. Therefore, priors following a normal distribution
are more appropriate for our data. We still ran all analysis with the
preregistered priors, and this did not affect the conclusions that can be
drawn from our results.
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are 3 times more likely under the alternative hypothesis than
under the null hypothesis.

Results

Figure 3 displays mean accuracy rates as a function of set-
size conditions and test types. Results as a function of serial
position can be found online (https://osf.io/f68wz/).

Removal costs

To estimate the availability of to-be-forgotten items, we
compared performance of removal and no-change boxes for
the set-sizes 6-2 and 6-3. Item memory, measured as the
probability to correctly identify the probe over a new word
(p(old) was the same for to-be-forgotten removal boxes and
to-be remembered no-change boxes (BF;; =20.5; evidence
in favor of a model excluding the main effect of condi-
tion compared with a model including the effect). Binding
memory, measured as the probability to correctly select the
correct position a word was presented in, given that par-
ticipant correctly identified it as old word (p(correctlold)),
was substantially lower for the removal boxes than for no
change boxes (BF,,=3.4x 10'%; evidence in favor of a
model including the main effect of box type compared with
a model excluding the effect). Thus, for delayed removal, we
observed removal costs for binding but not item memory.

Removal benefits

To estimate removal benefits, we tested whether mem-
ory for the to-be-remembered items increased with the
number of to-be-removed items (0 to 3). For both item
(BF,,=11,713.6) as well as binding (BF,;=2.5x10%)
memory accuracy increased with the number of to-be-for-
gotten items, demonstrating removal benefits.

Discussion

Removal costs for to-be-forgotten words in removal boxes
showed that these items were less available in WM than
to-be-remembered words in no-change boxes. Furthermore,
we observed removal benefits, as memory performance
increased with the number of to-be-removed items. This
finding stands in contrast with the lack of removal benefits
in Oberauer (2018). In Experiment 1, however, the number
of to-be-forgotten items was confounded with the number of
words to be updated. Lower memory performance for set-
size 6-0 as compared with set-size 63 could be explained
by participants having to update several words at set-size
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Fig.3 Mean accuracy rates across set sizes and box types in Experi-
ment 1. Note. The 6-X conditions describe the number of initially
encoded words (always 6) minus the number of to-be-forgotten
words. Out of the six words, participants could forget X words with-
out a replacement, and had to update the remaining 3-X words that

6—0 but none at set-size 6-3. We tested this possibility in
Experiment 2.

Experiment 2

The aim of Experiment 2 was to replicate the findings of
Experiment 1 while introducing a baseline condition for a
more rigorous test of removal benefits with delayed removal.
In Experiment 1, we observed both removal costs and ben-
efits. However, in that experiment, we could not determine
whether the benefit of removing several items stems from
reduced WM load or from an increase in updating steps. In
Experiment 2, to test whether removal of information from
WM results in a facilitation effect, on some trials, partici-
pants had to remember all six items and did not go through
any manipulation steps (no removal or updating steps). This
“remember-all” condition served as a baseline. If memory
performance in the set-size 63 was better than in the new
remember-all baseline condition, we could infer that remov-
ing information benefitted memory for the remaining still-
relevant WM content.

Moreover, in Experiment 1, some participants reported
difficulties correctly following the double forget cues:

were cued. Error bars represent the 95% within-subjects confidence
intervals. Note the different scales of the y-axes, which range from
chance to perfect performance for both kinds of memory. (Color fig-
ure online)

Forgetting (1) when the box frame turned orange, con-
tinue forgetting (2) when a “####” appeared. Although we
excluded those participants from our analyses, the misun-
derstanding of instructions in Experiment 1 led to relatively
high exclusion rates. In Experiment 2, we made several
improvements to our procedure to tackle this issue (see
Procedure).

Method

Methods, hypotheses, and the data analysis procedures were
preregistered and can be found online (https://osf.io/eSkrc).

Participants

The same preregistered inclusion and exclusion criteria as
in Experiment 1 were applied and we only recruited partici-
pants that had not participated in the previous experiment.
From the initial sample (N=298), 57 participants had to
be excluded, resulting in a final sample size of n=241 par-
ticipants (M,,,=27.3 years, SD=4.7, range: 18-35 years;
59.8% male, 38.6% female, 1.7% diverse). Probably due
to our improved procedure (see below), only half as many
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encoded words (always 6) minus the number of to-be-forgotten
words. Out of the six words, participants could forget X words with-
out a replacement, and had to update the remaining 3-X words that

participants (n=37) compared with Experiment 1 had to be
excluded because they did not try to forget the to-be-forgot-
ten words without a replacement or misunderstood the task.

Material and procedure

Stimuli and procedure were identical to Experiment 1 with
the following exceptions: First, we introduced a remember-
all baseline condition, where, on some trials, no manipula-
tion steps took place. On these trials, all box frames turned
blue for 9 s, indicating that all words needed to be remem-
bered. Second, following the instructions, we extended the
instruction tests participants had to pass in order to move on
with the practice trials (two additional questions). Third, in
the manipulation phase, updating and removal steps were no
longer self-paced. That is, after the pre-cue was presented
for 1.5 s, either a new word was presented (updating condi-
tion) for 1 s (box frame remained orange during that time),
or all boxes remained empty for a further 1 s, signaling that
no new word had to be encoded but the old word could still
be forgotten (removal condition). Subsequently the next
updating/removal step followed.

Fourth, we reduced the total number of trials from 51
to 43 trials, and after Trial 15 and Trial 30, we gave par-
ticipants the opportunity for a short break. There were now
eight trials for set-sizes 6-0, 6—1, 6-2, 6-3, and eight tri-
als for the remember-all condition (where four random no-
change boxes were tested), as well as three additional trials
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were cued. Error bars represent the 95% within-subjects confidence
intervals. Note the different scales of the y-axes, which range from
chance to perfect performance for both kinds of memory. (Color fig-
ure online)

in which we tested participants’ memory for to-be-forgotten
words from removal boxes.

Statistical analyses

The statistical analysis procedures were identical to those
of Experiment 1.

Results

Mean accuracy rates for the different set size conditions and
test types are displayed in Fig. 4.

Removal costs

Replicating the results of Experiment 1, binding memory
(BF,,=2.1x10%) but not item memory (BF,, = 13.9) was
substantially lower for removal than for no-change boxes.

Removal benefits

As in Experiment 1, memory for items (BF;,=6.2x 10'")
as well as bindings (BF,;=4.9x 10*?) increased with the
number of to-be-forgotten items. However, for the critical
comparison between set-size 6-3 and the remember-all con-
dition, we observed no performance difference, neither for
item (BF; =26.4) nor for binding (BF); =10.2) memory.



Psychonomic Bulletin & Review

A

Experiment 2 Dames & Oberauer, 2022
Item Memory Item Memory
1.0 1.0 —_
= — — —s

0.9 KX 0.9 I
= 0.8 =) 0.8
(=] (=]
07 & 07

0.6 0.6

0.5 0.5

6-3 remember-all 6-3 remember-all
Set-size Set-size
Test position = no change = removal
B Experiment 2 Dames & Oberauer, 2022
Binding Memory Binding Memory

1.0 1.0

0.9 0.9 %
_. 08 _. 08

r ~— —_—

E 0.7 — —e 3 0.7 I
§ 0.6 § 0.6
S 05 KN g 05
2 04 2 04

0.3 0.3

0.2 0.2

6-3 remember-all 6-3 remember-all
Set-size Set-size

Test position @ no change = removal

Fig.5 Item memory (top) and binding memory (bottom) from Experiment 2, and from Experiment 3 of Dames and Oberauer (2022) investigat-
ing immediate removal. Note. Error bars represent the 95% within-subjects confidence intervals. (Color figure online)

Thereby, we could show that people are able to remove
information (i.e., the relation between item and location)
from an already encoded set of items, but this delayed
removal does not facilitate memory for the remaining WM
content.

General discussion

In this study we investigated to what extent people can
selectively remove items from an already fully encoded set
of items stored in WM (delayed removal). We found that
although to-be-forgotten items could be still recognized
(item memory), memory for to-be-forgotten item—loca-
tion relations (binding memory) was substantially poorer
than for to-be-remembered ones, demonstrating removal
costs. Thus, we observed evidence for delayed removal.
Notably, this delayed removal did not confer any benefits
to the content still maintained in WM. This contrasts with

earlier experiments on immediate forgetting: Forgetting
items immediately after encoding encompasses forgetting
costs for both binding and item memory, and benefits the
remaining WM content (Dames & Oberauer, 2022). Figure 5
shows the results of the present Experiment 2 alongside of
those of a comparable immediate-removal experiment from
Dames and Oberauer (2022). There is a clear removal ben-
efit of immediate removal (i.e., better performance with set
size 63 than remember-all), which is absent with delayed
removal. This contrast has already been shown in Oberauer
(2018) and has led to the suspicion that delayed removal is
not possible. The novel contribution of the present experi-
ments is to demonstrate that delayed removal is effective, as
it causes a removal cost on binding memory.

Delayed removal is effective with respect to forgetting
information, but it fails to yield an advantage for the remain-
ing WM contents. Hence, removing three of six items from
WM after all six items have been encoding does not cre-
ate a situation equivalent to only encoding three items.

@ Springer
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Considering the two best-supported families of theories of
WM capacity, resource theories and interference theories
(Oberauer et al., 2016), we next discuss implications of this
result for our understanding of how our WM capacity is
managed.

Resource theories rest on the assumption that WM has
a limited resource that needs to be allocated to represen-
tations of the to-be-remembered items to maintain them.
When some items from the current memory set are removed,
the resource share that has been allocated to them could be
re-allocated to the remaining items. Apparently, that does
not improve their memorability. Should we expect that it
does? That depends on how we conceptualize the mainte-
nance resource of WM. One possibility is to think of the
resource as conveying strength to a memory representation.
A stronger memory trace is more likely to be recalled. This
is how, for instance, the limited resource in ACT-R is imple-
mented (Anderson et al., 1996). With this concept, it should
be possible to re-allocate the resource from a removed item
to the remaining to-be-remembered items to increase their
strength, improving their chance of being remembered.

An alternative concept of WM resource is based on the
sample-size theory (Schneegans et al., 2020; Sewell et al.,
2014). Here, the resource is a limited number of units that
can be assigned items in WM and code information with a
certain precision. The more units are assigned to an item, the
more precisely it can be represented because the precision of
all units together increases with the number of units coding
the same information, in the same way as the estimation of
a population mean becomes more precise as the sample size
of a study increases. In this conception of a resource, the
resource allocated to an item determines how many units
are recruited to represent independent samples of the same
information from the stimulus. The individual samples must
be independent so that their noise is averaged out to yield
the increase of precision from a larger sample size. When an
item is removed from WM, the units that have been allocated
to it can be assigned to other, to-be-remembered items. How-
ever, at that time, the stimuli are no longer present, so that
these units cannot represent further independent samples of
the stimulus information. They could only receive copies of
the information in units that have already been allocated to
an item. Copying information from one unit to another does
not add to the precision of the overall representation (in the
same way as copying data from subjects does not improve
the precision of measurement of a mean). In other words,
re-allocating resources to a to-be-remembered item at a time
when stimulus information is no longer available cannot cre-
ate further information about that item, and thereby cannot
improve the precision with which it is represented. Hence,
the sample-size concept of a memory resource provides
an explanation for why delayed removal does not lead to a
removal benefit for the remaining items in WM. By contrast,

@ Springer

immediate removal could lead to a benefit because the units
that are freed up by removing a just-encoded item could be
used to encode subsequently presented items.

From the perspective of interference theories of WM
capacity, removing some of the items of a set should reduce
interference for the remaining items. In one interference
model, SOB-CS (Oberauer et al., 2012), removal of no-
longer relevant information has been implemented as the
unbinding of items from their contexts. In the present experi-
ments, the items are the words, and the contexts are their
boxes. Unbinding operates through Hebbian anti-learning,
which is Hebbian learning with a negative learning rate.
Hebbian anti-learning requires that the to-be-removed con-
tent representation and its context are activated, so that the
Hebbian learning rule can be applied and reduce the associa-
tive strength between simultaneously active elements. This
could cause difficulties for delayed removal: At the time a
word is cued as to-be-forgotten, that word is no longer vis-
ible, and therefore must be retrieved from memory. To the
extent that the representation of the word that is re-activated
through retrieval is inaccurate, the unbinding mechanism
removes the wrong content from WM, thereby damaging
representations of to-be-remembered items, and insuffi-
ciently removing interference from to-be-forgotten items.
The net effect could be little or no removal benefit. The
expected removal benefit is higher for immediate removal
because in that situation, the representations of content and
context that were just bound together to encode the last-
presented item are still active, and can be used to remove
it again. Removal would consist of re-running the Heb-
bian learning process that encoded the items after flipping
the sign of the learning rate, thereby exactly reversing the
encoding process.

In sum, both resource and interference theories can
explain why delayed removal is effective in reducing access
to the removed representations while not improving access
to the remaining to-be-remembered representations. One
way in which the two accounts differ is in their expectations
for updating. In resource theories, the resource share recov-
ered from removed items could be fully assigned to new
items that replace them, and memory after a few updating
steps should be as good as for a condition without updating,
with the same set size. By contrast, the interference account
implies that delayed removal is imperfect, leaving residual
representations of the to-be-removed items behind, which
should interfere with not only the remaining old items but
also new items that replace the removed ones. Therefore,
memory after updating should be poorer than memory in
a no-updating condition. Comparing performance in the
updating conditions of the present Experiment 2 (in particu-
lar, 6-0, with 3 updating steps) with the remember-all condi-
tion shows that updating incurs a cost, which appears to be
higher for the not-updated than the new items. A substantial
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cost of updating has also been observed in other studies
(Frischkorn et al., 2022; Li et al., 2024). This is in line with
the predictions from the interference account, though it does
not rule out a resource account, because there are other pos-
sible reasons for why updating incurs a cost that could be
reconciled with a resource theory of WM capacity.

To conclude: It is possible to selectively remove indi-
vidual items from a set in WM after the entire set has been
encoded. This does not make access to the remaining items
better, but it is a prerequisite for continuously updating WM
without overloading the system.
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