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How does the intent to remember or forget information affect working memory (WM)? To explore this
question, in four experiments, we gauged the availability of the to-be-forgotten information directly.
Participants remembered six words presented sequentially in separate frames. After each word offset,
the frame turned either blue or orange, indicating a to-be-remembered or to-be-forgotten word, respec-
tively. In all experiments, consistently poor recognition performance for to-be-forgotten words and facil-
itation of to-be-remembered words demonstrated that intent has a strong impact on WM. These
directed-forgetting effects are remarkably robust: They can be observed when testing the to-be-forgotten
words up to four times (Experiment 1, n = 341), for both item and binding memory (Experiment 3, n =
124), and even when information has to be maintained in WM up to 5 s until the memory cue is pre-
sented (Experiment 2 þ 4, n = 302 þ 321). Our study establishes a new method to jointly study the
effects of intent on WM content for both relevant and irrelevant information and provides evidence for
directed forgetting in WM. Our research suggests that a combination of two processes causes directed
forgetting in WM: One process reduces memory strength of earlier memory representations as a func-
tion of subsequently encoded events. Another process rapidly encodes or boosts memory strength only
when the person intends to remember that information.
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Forgetting has a bad reputation. It bothers us to accidentally for-
get a friend’s birthday or a new PIN code. Yet forgetting is an im-
portant mechanism to deal with the vast amount of rapidly
changing information we are confronted with. Research on epi-
sodic long-term memory (LTM) has long recognized that we
sometimes have good reasons to intentionally forget something
and has used directed-forgetting paradigms for studying inten-
tional forgetting (Bjork et al., 1968; see MacLeod, 1998, for a
review on directed forgetting). More recently, theorists have high-
lighted the importance of intentional forgetting from working
memory (WM). WM holds mental representations temporarily

available for use in thought and action (Oberauer et al., 2018).
Compared to LTM, WM has a limited capacity, so WM content
needs to be constantly updated to focus on current, relevant infor-
mation. Therefore, there should be a mechanism that removes out-
dated information from WM (Lewis-Peacock et al., 2018). For
instance, some researchers assumed that removal of contents from
WM is achieved via unbinding item representations from their
context (e.g., Lewis-Peacock et al., 2018; Oberauer, 2018). Others
proposed that irrelevant information decays over time (e.g., Bar-
rouillet et al., 2004; Ricker et al., 2016).

Removing information from WM should have two consequen-
ces: freeing WM capacity for relevant information and impairing
access to the removed content in WM. Evidence for removal from
WM comes predominantly from studies demonstrating the first
predicted effect. For instance, Oberauer (2018) found increased
memory performance for still relevant memory items when, out of
a set of words, some words were cued to be irrelevant (as com-
pared to a baseline where all words were relevant). Evidence for
the second prediction, showing that information removed from
WM is difficult to retrieve, is rare (Muter, 1980; Williams et al.,
2013).

By contrast, in the literature on directed forgetting in episodic
LTM, testing the to-be-forgotten items by a surprise test is com-
mon and forms the very basis for assessing the success of inten-
tional forgetting (e.g., Bjork, 1970; Fawcett & Taylor, 2008;
MacLeod, 1999; Popov et al., 2019). During a learning phase of
such paradigms, either a list of items or each individual item is fol-
lowed by a remember or forget instruction. A subsequent LTM
test probes participants’ memory for all items regardless of the
memory instruction. Typically, LTM for to-be-remembered items
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is higher than for to-be-forgotten ones (see Bjork et al., 1998).
Researchers speculate that WM processes underlie item-wise
directed forgetting in LTM (e.g., by stopping to process to-be-for-
gotten information in WM; Fawcett & Taylor, 2012). If so, we
should observe directed-forgetting effects not only in LTM but
also in WM.
The first goal of our study was to develop and introduce a new

task design, which combines the WM removal paradigm of Obera-
uer (2018) with a test of memory for removed WM contents, as is
usual in directed-forgetting studies of LTM. The new method was
designed to jointly study the effects of directed forgetting on both
relevant and irrelevant information in WM within one experiment.
To investigate what happens with WM contents when cued to-
be-forgotten, we tested their availability directly.
Our second goal was to test whether items are harder to remove

from WM after they have been maintained for a longer time. This
hypothesis was motivated by the assumption that representations
in WM are initially fragile, before short-term consolidation estab-
lishes them more firmly (Ricker et al., 2018). The earlier a forget
cue follows the to-be-forgotten item, the earlier short-term consoli-
dation can be interrupted. This should make removing the item
from WM easier.
Our third goal was to assess separately how directed forgetting

affects memory for the item itself and memory for the item’s rela-
tion to its context. According to the three-embedded-components
model of WM (Oberauer, 2009), the capacity-limited core compo-
nent of WM maintains temporary item-context bindings, whereas
item memory is maintained by activated LTM representations.
Consequently, removal of contents from WM has been described
as unbinding them from their contexts (Lewis-Peacock et al.,
2018). Therefore, directed forgetting in WM should reduce bind-
ing memory, but perhaps not item memory. We next briefly review
previous findings on directed forgetting in WM.

Indirect Assessment of Memory for To-Be-Forgotten
Information

In the few studies in which a directed-forgetting instruction was
used in a WM setting, the design often did not allow for testing
the availability of to-be-forgotten items directly (but see Williams
et al., 2013). When the to-be-forgotten information was frequently
tested, the directed-forgetting cues proved to become ineffective
(Williams & Woodman, 2012). Therefore, most previous work
gauged item memory for to-be-forgotten WM contents only indi-
rectly through their tendency to interfere with retrieval of to-be-
remembered contents. These studies have revealed that item mem-
ory long outlasts the time at which it became irrelevant. In the
recent negative probe paradigm (Atkinson & Juola, 1973; Jonides
et al., 1998), item-recognition probes not matching an item in the
currently relevant list are harder to reject if they match an item
from a recent earlier trial. In the modified Sternberg task (Obera-
uer, 2001), participants initially encode two lists of items and are
then instructed to forget one of the lists. Probes matching an item
from a to-be-forgotten list are harder to reject than new probes.
These intrusion costs in item recognition reflect the persisting fa-
miliarity of items that have recently been encoded into memory;
this familiarity signal inadvertently contributes to the recognition
decision on the current probe, making it harder to reject to-be-for-
gotten than new probes. As they outlast several intervening trials

(Monsell, 1978), they are likely to arise from episodic LTM rather
than WM (Oberauer, 2001).

A series of studies used the modified Sternberg paradigm to
further investigate the persisting familiarity signal from to-be-
forgotten information. In one study, using lists of semantically
related words, Festini and Reuter-Lorenz (2013) found reduced
intrusion costs from probes semantically related to to-be-forgot-
ten words compared to probes related to to-be-remembered
words. Subsequent studies compared the intrusion costs from to-
be-forgotten items and from to-be-remembered items of previous
trials and found that to-be-forgotten items interfered less in an
item-recognition test (e.g., Festini, 2020; Festini & Reuter-Lor-
enz, 2014; Jantz et al., 2021). These results demonstrate that the
instruction to forget a subset of items in WM reduces the degree
to which memory representations of these items generate a famil-
iarity signal that intrudes in recognition decisions.

One limitation of relying on intrusion costs as a measure of the
accessibility of memory representations is that the size of the intru-
sion cost reflects the balance between the strength of the intruding
familiarity signal of irrelevant information on the one hand and the
strength of the representations and processes people employ to
counteract that intrusion on the other hand. For instance, to the
extent that people can recollect the full set of items of the relevant
list, they can overcome the misleading familiarity signal from rep-
resentations of no-longer-relevant items (Göthe & Oberauer,
2008). Likewise, if people can recollect that the probe had been
presented in a now irrelevant list, they can use that information to
reject it (an inference called “recall to reject” by Rotello & Heit,
1999). Therefore, intrusion costs are impure measures of the
strength or accessibility of to-be-forgotten information in memory.

Here, we add to this prior work in two ways. First, we test mem-
ory for item-context bindings of to-be-forgotten items of the cur-
rent trial’s memory list, which is more likely than item memory to
reflect information in WM rather than episodic LTM (Oberauer,
2019). Second, we test people’s ability to deliberately retrieve the
to-be-forgotten information, rather than the inadvertent intrusion
of such information in memory-based decisions.

Proposed Mechanisms Underlying Directed
Forgetting in WM

Several mechanisms have been proposed for intentional forget-
ting of information from WM, mirroring the array of explanations
discussed for directed forgetting from episodic memory. Some
researchers suggest that irrelevant information is selectively
removed from WM (for an overview, see Lewis-Peacock et al.,
2018). Mechanisms proposed for implementing removal include
the unbinding of items from their associated context via Hebbian
antilearning (e.g., Oberauer, 2018; Oberauer et al., 2012) and the
inhibition of memory representations (e.g., Hasher & Zacks, 1988;
Zacks et al., 1996). Furthermore, previous work on directed forget-
ting in LTM supports the notion of an “active” forgetting mecha-
nism in WM (Fawcett & Taylor, 2012) that competes with other
cognitive tasks. This idea converges with the assumption that
intentional forgetting in WM is a resource-demanding mechanism
(e.g., Festini, 2020; Festini & Reuter-Lorenz, 2017; Gao et al.,
2016). In contrast, other authors assume that irrelevant WM con-
tent is left to decay, whereas relevant information is maintained by
some form of selective rehearsal (e.g., Barrouillet et al., 2004;

DIRECTED FORGETTING IN WORKING MEMORY 2991

T
hi
s
do
cu
m
en
ti
s
co
py
ri
gh
te
d
by

th
e
A
m
er
ic
an

Ps
yc
ho
lo
gi
ca
lA

ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le
is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al
us
e
of

th
e
in
di
vi
du
al
us
er

an
d
is
no
tt
o
be

di
ss
em

in
at
ed

br
oa
dl
y.



Ricker et al., 2016). The present study elucidates the processes
underlying intentional forgetting in WM by introducing a new
method to jointly study the effects of directed forgetting on mem-
ory for both relevant and irrelevant information in WM and by
measuring its distinct effects on both item and binding memory.

The Present Experiments

Participants remembered up to six words presented sequentially
across a circular arrangement of frames. After the offset of each
word, the frame turned either blue or orange, indicating a to-
be-remembered or to-be-forgotten word, respectively. We varied
the number of to-be-remembered-words (i.e., the set size): There
were two baseline conditions where all presented words were to-
be-remembered, one with a large set size (six words) and one with
a small set size (3 6 1 words). In the removal condition, three
(61) out of six words were cued to-be-forgotten so that the num-
ber of remaining to-be-remembered words was equal to the small
set size baseline. To gauge memory for the to-be-forgotten words
directly, on a small subset of trials, we probed one of the to-be-for-
gotten words—on all other trials, only to-be-remembered frames
were tested.
The assumption that to-be-forgotten words are removed from

WM leads to two predictions: First, if to-be-forgotten information
is no longer in WM, it should be less accessible afterward. Hence,
performance in tests of to-be-forgotten items should be lower than
the to-be-remembered items of the same condition (directed-for-
getting effects). Second, if information is removed from WM, it
should not interfere with the still relevant words, resulting in facil-
itation effects for the to-be-remembered information. Therefore,
performance for to-be-remembered words in the removal condi-
tion should be better than in the large set size baseline.
If to-be-forgotten items were completely removed from WM,

performance of to-be-remembered words in the removal condition
should be equal to the small set size baseline. Previous research
tested this prediction with a subset-wise removal paradigm, in
which a cue to forget a subset of the current memory set is pre-
sented after the entire set has been encoded. With this procedure,
to-be-forgotten information is not completely removed from WM
(e.g., Festini & Reuter-Lorenz, 2017; Oberauer, 2018). For
instance, Festini and Reuter-Lorenz (2017) assessed facilitation
effects of directed forgetting. They presented participants with two
lists of three words. Sometimes one of the word lists was replaced
by strings of XXXXs (set size 3 trials). After studying the two lists
of words, occasionally a forget cue appeared, signaling partici-
pants which list could be forgotten (removal trials); in other trials,
both lists had to be remembered (set size 6 trials). At the end of a
trial, participants indicated whether or not a probe was part of the
to-be-remembered lists. The accuracy for to-be-remembered
words in removal trials was worse than in set size 3 trials and not
better than in set size 6 trials where both lists had to be remem-
bered. Hence, the instruction to forget three out of six words did
not facilitate access to the remaining three words (Festini & Reu-
ter-Lorenz, 2017, Experiment 2 þ 3, their Appendix A, no articu-
latory suppression condition).
Oberauer (2018) used a similar paradigm and likewise found

that forget cues presented after the entire memory set has been
encoded fail to improve memory accuracy for the remaining to-be-
remembered items. By contrast, when forget cues for individual

words were given right after encoding of each word, as in an item-
wise directed-forgetting paradigm, memory performance for the
remaining words was as good as in the set size 3 condition, as
would be expected if the to-be-forgotten words were completely
removed from WM.

We conducted four experiments that tested our two predictions
within one experimental design. We consistently observed robust
directed-forgetting effects for both item and binding memory,
accompanied by facilitation effects for the still relevant informa-
tion in WM. Delaying the forget cue for up to 5 s did not reduce
directed-forgetting effects.

Experiment 1

The goal of Experiment 1 was to establish the feasibility of
our new paradigm for jointly testing the effects of directed for-
getting in WM on both relevant and irrelevant information
(facilitation and directed-forgetting effects). Gauging memory
for to-be-forgotten words on a small subset of trials directly
raised a methodological challenge as participants may start to
ignore the forget cues (Williams & Woodman, 2012). To assess
how often we could test to-be-forgotten items without under-
mining the forget instruction, in Experiment 1, we varied the
test frequency of to-be-forgotten words between participa-
nts (once, twice, or four times) and assessed the stability of
directed-forgetting effects.

Method

Methods, hypotheses, and the data analysis procedures were
preregistered and can be found online (Dames & Oberauer, 2021).
There, we also report detailed information on the randomization
procedure.

Participants and Exclusion Criteria

In total, 453 native English speakers completed the whole
experiment via the web-based participation platform Prolific. 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 atten-
tions checks (no data were collected). Furthermore, we included a
follow-up questionnaire assessing whether participants followed
the instruction (see Appendix A).

After applying a list of preregistered exclusion criteria, the final
sample consisted of 341 participants (Mage = 26.7, SDage = 5.2,
range = 18–38 years; 57.5% female, 42.5% male) .We excluded
participants with a mean error rate higher than 40% in the small set
size condition (n = 4), who reported having suspected that to-be-
forgotten stimuli would be tested (n = 10), who stated that they
strongly tried to remember the to-be-forgotten words (n = 5), or
who had technical issues during completion (n = 3). Additionally,
we excluded 90 participants who did not try to respond correctly on
to-be-forgotten surprise recognition probes (we assessed this using
a multiple-choice question and a free-text question on what partici-
pants did when they noticed that a to-be-forgotten word was tested;
see Experiment 2 for a solution to this problem).

2992 DAMES AND OBERAUER

T
hi
s
do
cu
m
en
ti
s
co
py
ri
gh
te
d
by

th
e
A
m
er
ic
an

Ps
yc
ho
lo
gi
ca
lA

ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le
is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al
us
e
of

th
e
in
di
vi
du
al
us
er

an
d
is
no
tt
o
be

di
ss
em

in
at
ed

br
oa
dl
y.



We needed a relatively large sample because we were interested
in recognition accuracy of to-be-forgotten items, which were rare
in our design. The sample size was chosen based on prior experi-
ence with similar experiments (sample sizes of all subsequent
experiments were based on the results of Experiment 1). As we
used Bayesian analyses, we planned to increase the sample size if
we found that some hypothesis tests were ambiguous (i.e., 1/3 ,
Bayes factor , 3; this criterion was preregistered). As all Bayes
factors (BFs) for the directed-forgetting effects in WM (difference
between the removal remember and the removal forget condition)
were remarkably large in all experiments, we did not further
increase our sample size.
All participants were naive to the purpose of the experiment and

had normal or corrected-to-normal vision. Participants 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 insti-
tutional ethics review board. Participants were randomly assigned to
one of three between-subjects groups (to-be-forgotten words were
tested once: n = 124, twice: n = 101, four times: n = 116).

Material

Frequent English nouns with a length of 4–5 letters served as
stimuli. For every participant, 396 words were randomly drawn
from a pool of 600 words. The participants’ task was to remember
the words and recognize them in a recognition test using the left or
right arrow keys on their keyboard. The experiment was pro-
grammed using jsPsych (de Leeuw, 2015).

Procedure

Our new task design combined paradigms used to investigate
item-method LTM directed forgetting (Bjork, 1970) and item-wise
removal in WM (Oberauer, 2018). The trial structure is illustrated
in Figure 1. Participants first saw six squared frames arranged on a
circle (60° apart from each other). The frames were presented in
thin black outlines on a white background. After presentation of all
six empty frames for 1 s, six words were displayed one by one for
1 s each in a clockwise order across the circular arrangement of
frames, starting on the top left at 10 o’clock. Immediately following

Figure 1
General Trial Structure
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each word offset, the frame of that word turned either blue or or-
ange for 0.5 s, indicating a to-be-remembered or to-be-forgotten
word, respectively. Following the offset of each cue, the frames
remained empty for 0.5 s before the subsequent word was presented
in the next frame. After all words have been displayed, and follow-
ing a retention interval of 1 s, a local-recognition probe was pre-
sented in one of the frames. Using left and right key presses,
participants indicated whether a presented word was the same as
the one originally presented in that frame (match, 50%) or not (mis-
match, 50%). That is, participants were instructed to decide whether
the word was previously presented in the same frame or whether
the word was presented in one of the other frames. A mismatch
probe was always a word from another frame in that trial. In this
way, the local-recognition task tests memory for item-context bind-
ings (here, context refers to either the spatial location or the serial
position, whichever people use to remember which item was in
which frame). We chose this test because WM capacity is primarily
a limit on binding memory (Oberauer, 2019) and because removal
has been described as unbinding item representations from their
contexts (Lewis-Peacock et al., 2018).
Set Size Conditions. There were three set size conditions. In

the large set size condition, participants were instructed to remem-
ber all six presented words. On those trials, every word was fol-
lowed by a remember cue (i.e., a blue frame). In the small set size
condition, three randomly chosen words were replaced by “XXXX”
(displayed in the same way as the words). “XXXX” stimuli were
always followed by a forget cue (i.e., an orange frame). The other
three words were followed by a remember cue. In the removal con-
dition, three randomly chosen words were followed by a remember
cue and the other three words were followed by a forget cue. There
were 20 trials for each set size condition, presented in random order
(except for trials where a to-be-forgotten word was tested; see
below).
For the large and the small set size conditions and the majority of

trials of the removal condition, the tested frame was randomly
selected from one of the to-be-remembered words. A match probe
was the word from that frame; a mismatch probe was a word from
another to-be-remembered frame in that trial. On very few trials of
the removal condition, the local-recognition probe was presented in
one of the to-be-forgotten frames to test participants’ memory of one
randomly selected to-be-forgotten word. How often a to-be-forgotten
word was probed depended on the group participants were assigned
to (see below). In these trials, a mismatch probe was a word from
one of the other to-be-forgotten frames.
Test Frequency of To-Be-Forgotten Words. We varied the

frequency with which the to-be-forgotten words were tested (once,
twice, or four times) between participants: One third of the partici-
pants received only one to-be-forgotten test in the very last trial
(trialn = 60) of the experiment. Whether the location of the recogni-
tion probe of this to-be-forgotten test matched the location of the
original word position or not was chosen at random with equal prob-
ability. Another third of the participants received a to-be-forgotten
test twice within the experiment—once after having completed
one third of the experiment at trialn = 20 (61 trial; to reduce the
chance that the trial with to-be-forgotten test can be predicted, these
trial positions were shuffled by adding 6 1 trial at random) and
once after two thirds of the experiment at trialn = 40 6 1. The
remaining third of the participants received a to-be-forgotten test
four times within the experiment—after having completed one fifth,

two fifths, three fifths, and four fifths of the experiment at trialn =
12, 24, 36, and 48 (all6 1 trial).

Instructions and Practice. The instructions stressed that
participants should remember only the to-be-remembered words
for the subsequent recognition test and that they should try to for-
get the to-be-forgotten words. Participants were told that they
should truly try to forget all words in an orange frame as this
would make it easier for them to remember the to-be-remembered
words. Following the instructions, participants had the chance to
practice their task (two small set size trials, two large set size tri-
als, and two removal trials with tests of a to-be-remembered word,
all presented in random order). In the practice block, participants
received feedback (“correct”/“incorrect”) after each recognition
decision. 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 followed.

Using postexperimental questions, we checked whether partici-
pants had any suspicion about the purpose of the experiment, to what
extent they followed the task instructions (e.g., what they did when
they saw an orange or blue frame), and whether they expected that
the to-be-forgotten words would be tested. Furthermore, participants
indicated how often they noticed that to-be-forgotten words were
probed and, if so, how they responded on those occasions (i.e., if
they tried to respond correctly on those trials or not). For instance,
because the test of to-be-forgotten words came as a surprise, some
participants reported that they always indicated that the to-be-forgot-
ten probes were a mismatch regardless of whether they could actually
remember the to-be-forgotten words or not. By excluding these par-
ticipants, we tried to minimize the risk of overestimating directed-
forgetting effects.

Data Analysis

We analyzed the data of all our experiments with Bayesian
mixed models (for an overview of mixed models, see Baayen et
al., 2008; Judd et al., 2012). We analyzed the correctness of
responses using Bayesian generalized linear mixed models
(BGLMMs) assuming a Bernoulli data distribution predicted by a
linear model through a logistic link function. Reaction times (RTs)
were log transformed and analyzed using BLMMs assuming a
Gaussian data distribution. The B(G)LMMs were estimated using
the R package brms (Bürkner, 2018). All our models included ran-
dom intercepts for participants. For the regression coefficients of
the accuracy analyses, we used moderately informative Cauchy
priors with a scale of .353 and a mean of 0 (recently proposed
default priors for logistic models; Oberauer, 2019). For random
effects, we used nonnegative weakly informative priors (half stu-
dent t prior with 3 degrees of freedom and a scaling parameter of
2.5). For the RT analyses, the brms default settings for priors were
used. All categorical predictors were coded as sum-to-zero con-
trasts, and continuous predictors were mean centered. In all mod-
els, to control for effects of learning and/or fatigue throughout the
experiment, we included the continuous predictor trial (trial num-
ber of a given trial) in all our models.

We estimated the posteriors by sampling parameter values using
the No-U-Turn Sampler (an extension of the Hamilton Monte
Carlo sampling method) as implemented in Stan (Carpenter et al.,
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2017). We sampled through four independent Markov chains with
50,000 iterations each (2,000 warm up each). To investigate con-
vergence, we inspected R-hat values (ratio of between-chain var-
iance to within-chain variance). R-hat values were #1.01 for all
parameters in every model. Additionally, we inspected the chains
for convergence visually.
We computed BFs (calculated through the bridge sampler; Gronau

et al., 2018) to estimate the strength of evidence for the null and the
alternative hypothesis. To this end, we fitted two competing, nested
models for each hypothesis: One including the effect/factor of
interest and one that did not. We then compared the two models to
calculate the evidence for/against the null/alternative hypothesis.
Generally, a BF larger than 3 can be considered as substantial evi-
dence for one hypothesis over the other. For instance, a BF10 of 3
would indicate that the data are 3 times more likely under the alterna-
tive hypothesis than under the null hypothesis.
To test whether the likelihood to correctly identify a recognition

probe as a match/mismatch for tests of to-be-forgotten words was
close to chance, we compared two intercept-only BGLMMs on the
correctness of participants’ responses on these trials. One model
included a free parameter for the intercept. For the other model,
the intercept parameter was fixed at chance-level performance. We
then tested whether the model including the intercept was superior
to the model where the intercept was fixed.

Results

Mean RTs and accuracy rates as a function of condition and fre-
quency of to-be-forgotten tests are displayed in Figure 2A. We
evaluated differences between specific conditions (large and small
set size baseline and tests of to-be-remembered and to-be-forgot-
ten words from the removal condition) on participants’ recognition
accuracy and RTs. At the same time, we investigated how these
effects changed depending on the relative frequency of preceding
tests of to-be-forgotten words (i.e., the ratio of preceding to-be-
forgotten test trials to preceding trials).

The Availability of To-Be-Forgotten Items

One of our main interests lies in the availability of to-be-forgotten
items at test. To estimate directed forgetting in WM, we compared
performance of to-be-forgotten and to-be-remembered trials for the
removal condition. As predicted, the likelihood to correctly identify a
recognition probe as a match/mismatch was substantially lower for
to-be-forgotten than for to-be-remembered words in the removal con-
dition (BF10 = 1.3 3 10117; evidence in favor of a model including
the main effect of memory cue compared to a model excluding the
effect). Furthermore, in the removal condition, RTs were larger for
tests of to-be-forgotten than to-be-remembered words (BF10 = 7.8 3
10200). Hence, participants showed substantial directed-forgetting
effects in recognition performance and RTs. Still, the recognition per-
formance of to-be-forgotten words was above chance level (50%;
BF10 = 851,435).

Effects of Facilitation

For the analysis of facilitation effects for to-be-remembered
WM content, we only analyzed trials in which to-be-remem-
bered items were tested and that were not preceded by any
to-be-forgotten tests. As predicted, the probability for a correct

response for to-be-remembered items was higher in the removal condi-
tion than in the large set size baseline (BF10 = 1.2 3 1026). RTs for
to-be-remembered words were also faster in the removal condition
than in the large set size baseline (BF10 = 2.2 3 1069). The evidence
concerning an accuracy difference between the removal condition and
the small set size baseline was ambiguous (BF10 = 1.0). When includ-
ing all to-be-remembered trials (regardless of the frequency of the pre-
ceding tests of to-be-forgotten words) in the analyses, we found
evidence for a difference between the removal condition and the small
set size baseline (BF01 = 5.8). In addition, RTs for to-be-remembered
words were larger in the removal condition than in the small set size
baseline (BF10 = 100.5). As can be seen from Figure 2A, the perform-
ance differences between to-be-remembered words from the removal
condition and the small set size baseline condition were relatively
small compared to the strong facilitation effects when comparing per-
formance to the large set size baseline condition.

The Influence of How Often To-Be-Forgotten Words
Are Tested

In general, we did not find any indication that the relative fre-
quency of preceding tests of to-be-forgotten words (relative to all
preceding trials) influenced the reported results (see Figure 2A).
All BFs testing the interaction between condition and test fre-
quency of to-be-forgotten words yielded evidence against such an
interaction or were ambiguous (large set size vs. removal remem-
ber: BF01 = 3.1; small set size vs. removal remember: BF01 = 1.8;
removal remember vs. forget: BF01 = 1.5). The same was the case
for RTs (large set size vs. removal remember: BF01 = 8.8; small
set size vs removal remember: BF01 = 1.1; removal remember vs.
forget: BF01 = 1.7).

To conclusively test whether we could measure directed forget-
ting in WM even when testing the to-be-forgotten items up to four
times, we compared the removal remember condition to the re-
moval forget condition in the participant group that was tested four
times. As expected, also for this group of participants, our model
comparison yielded substantial evidence for a main effect of condi-
tion and hence for directed forgetting in WM (BF10 = 1.33 1055).

To summarize, in Experiment 1, low recognition performance
for to-be-forgotten words showed that to-be-forgotten items were
no longer available in WM—even when the to-be-forgotten words
were tested four times. Consequently, recognition performance for
to-be-remembered words was higher than for to-be-forgotten words,
resulting in a substantial directed-forgetting effect in WM. Further-
more, across all test frequencies, participants performed better in the
removal remember condition than in the large set size baseline, thus
demonstrating a facilitation effect for to-be-remembered items.

Experiment 2

The aim of Experiment 2 was to replicate the findings of Experi-
ment 1 while testing the boundary conditions of directed forgetting
in WM as measured by the new method. We analyzed whether
holding an item in WM longer made it harder to subsequently
remove it, as has been observed for directed forgetting in LTM
(Hourihan & Taylor, 2006). Their experiments showed that
instructed forgetting was less effective when the forget cue
appeared at a longer delay after the to-be-forgotten item. Here, we
asked whether that is true also for directed forgetting in WM. For
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this, we varied the time between the offset of each word and the
onset of the memory cue (stimulus cue interval [SCI]: 1 s, 2 s, or
3 s) within participants.

Method

Methods, hypotheses, and the data analysis procedures were
preregistered and can be found online (Dames & Oberauer, 2021).
There, we also report detailed information on the randomization
procedure.

Participants

The same preregistered inclusion and exclusion criteria as in
Experiment 1 were applied, and we only recruited participants that

had not participated in the previous experiment. From the initial
sample (N = 353), 51 participants had to be excluded, resulting in
a final sample size of n = 302 participants (Mage = 27.2, SD = 4.7,
range = 18–35 years; 54.6% female, 44.4% male, 1% diverse).
Probably due to our improved procedure (see below), only 18 par-
ticipants had to be excluded because they did not know how to
respond correctly on trials testing to-be-forgotten items.

Material and Procedure

Stimuli and procedure were identical to Experiment 1 with the
following exceptions: First, memory of to-be-forgotten words was
tested three times for all participants (on trials 16, 36, and 56; 6 1
trial; one match and two mismatch trials or two match and one
mismatch trial). Second, following each word offset, all frames

Figure 2
Mean Accuracy Rates and RTs Across Set Sizes and Conditions of (A) Experiment 1 and (B) Experiment 2

Note. Error bars represent the 95% confidence intervals. TBR = to-be-remembered; TBF = to-be-forgotten. See the online arti-
cle for the color version of this figure.
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remained empty for either 1 s, 2 s, or 3 s depending on the current
SCI condition. Only after the SCI, the frame turned either blue or
orange for indicating a to-be-remembered or to-be-forgotten word,
respectively. For each participant, there were 18 trials for each of
the two baseline conditions, 18 trials of the removal condition
with a test of the to-be-remembered item, and three with a test of
the to-be-forgotten trial. Within each of these four conditions, an
equal number was randomly assigned to each SCI level. All trials
were presented in a random order.
Third, we fine-tuned our method to rule out two alternative

explanations for our previous results. In Experiment 1, the test of
to-be-forgotten words came as a surprise. Consequently, we had to
exclude a large number of participants (n = 90) who reported that
they were unsure how to respond correctly on those trials. Although
we excluded those participants from our analyses in Experiment 1,
possibly, due to the surprise test nature of the to-be-forgotten
words, directed-forgetting effects were generally overestimated.
This issue also became apparent when we analyzed whether facili-
tation and directed-forgetting effects differed between match and
mismatch trials in Experiment 1 (see Appendix B, Figure B1): Per-
formance for to-be-forgotten words was substantially better in mis-
match than in match trials. This probably occurred because the test
of to-be-forgotten words came as a surprise, and some participants
reported that they had responded with “different location” even
though they could remember the to-be-forgotten word. To meet this
issue, at the beginning of Experiment 2 (and all subsequent experi-
ments), we informed participants that on very few occasions, their
memory for to-be-forgotten words would be tested. Participants
were instructed to do their best to remember the to-be-forgotten
words. They were told that they should nevertheless truly try to for-
get all words in an orange frame as this would make it easier for
them to remember the to-be-remembered words and therefore put
them—on average—at an advantage.1 Participants were addition-
ally instructed not to use any external help (e.g., use pen and
paper).
In Experiment 1, the number of to-be-forgotten items was

always the same for the removal condition. At the end of each
trial, participants may have been able to predict the subsequent
memory cue(s) prior to item presentation, potentially resulting in
stronger directed-forgetting effects, because later to-be-forgotten
words may not have been encoded into WM at all. Therefore, in
Experiment 2 (and all subsequent experiments), we varied the fre-
quency of to-be-remembered words in the removal condition and
the small set size baseline to be either two, three, or four. Hence,
in the two baselines, participants remembered either all six (large
set size) or only three (61; small set size) words. In the removal
condition, three (61) out of six words were cued to-be-forgotten.
Thereby, we ensured that participants could not predict the nature
of the upcoming memory cues.

Statistical Analyses

The statistical analysis procedures were identical to Experiment
1 except the following: In a first step, we investigated the influence
of the SCI on each set size contrast. In addition, to test the avail-
ability of to-be-forgotten information directly, for removal forget
trials only, we compared one model including the factor SCI
against an intercept-only model. Because we found no indication
that SCI influenced performance in any of the models, we

analyzed the availability of to-be-forgotten items as well as effects
of facilitations including all trials regardless of the SCI (same pro-
cedure as in Experiment 1). For reasons of readability, we start
reporting the results with this latter analyses. We had preregistered
the plan to add the number of to-be-remembered items in the small
set size baseline and the removal condition as a covariate in some
models. As we found substantial directed-forgetting effects regard-
less of this predictor, we did not further consider it in any of the
subsequent analyses.

Results

Mean RTs and accuracy rates can be taken from Figure 2B. The
statistical analysis procedures concerning the availability of to-be-
forgotten items and effects of facilitation were the same as in
Experiment 1.

The Availability of To-Be-Forgotten Items

Replicating the results of Experiment 1, the likelihood to cor-
rectly identify a recognition probe as a match/mismatch was sub-
stantially lower in the removal forget condition than in the
removal remember condition (BF10 = 1.1 3 1038). Furthermore,
RTs were larger in the removal forget condition than in the re-
moval remember condition (BF10 = 1.4 3 1087). Recognition per-
formance of to-be-forgotten words was again above chance level
(50%; BF10 = 4.03 1029).

Effects of Facilitation

In Experiment 1, we found no indication that the relative fre-
quency of previous to-be-forgotten tests affected the facilitation of
to-be-remembered words. Hence, in the subsequent analyses, we
included all trials regardless of whether they were preceded by any
test for to-be-forgotten words or not. The probability for a correct
response was again substantially higher in the removal remember
condition than in the large set size baseline (BF10 = 2.3 3 1012).
Likewise, RTs were faster in the removal remember condition
than in the large set size baseline (BF10 = 1.1 3 1092). This time,
recognition performance in removal remember trials was poorer
than in the small set size baseline (BF10 = 4.2), and RTs were
larger in the removal remember condition than in the small set size
baseline (BF10 = 50,460.4). Like in Experiment 1, those differen-
ces were rather small (see Figure 2B).

Testing the Influence of the Stimulus Cue Interval

As illustrated in Figure 2B, we did not find any indication that
the SCI influenced the results. All BFs testing the interaction
between set size and SCI yielded evidence against such an interac-
tion (large set size vs. removal remember: BF01 = 7.2; removal
remember vs. forget: BF01 = 3.1); one was ambiguous (small set
size vs. removal remember: BF01 = 1.5). The same was the case

1 The exact instructions were

On very few occasions your memory for words in an orange frame will be tested.
If this happens, do your best to remember the word although we asked you to
forget it. It is important that you still try to respond correctly on those occasions.
We test orange frames very rarely and you should nevertheless try to forget all
words in an orange frame. This will make it easier for you to remember the
words and their location that will be tested most of the times.
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for RTs (large set size vs. removal remember: BF01 = 29.0; small
set size vs. removal remember: BF01 = 3.0; removal remember vs.
forget: BF01 = 22.0).
In summary, we replicated the directed-forgetting and facilita-

tion effects in WM across all SCI levels. Also note that with the
fine-tuning of our experimental procedure (e.g., informing partici-
pants about the occasional test of to-be-forgotten words), the pre-
viously observed difference between match and mismatch trials
disappeared (see Appendix B).

Experiment 3

In Experiments 1 and 2, we established a direct way to assess
the availability of to-be-forgotten information in WM, demonstrat-
ing robust directed forgetting of memory for bindings between
items and their context. Experiment 3 tested whether directed for-
getting affects not only memory for item-context bindings but also
item memory itself. For this, we expanded the local-probe recogni-
tion test used in our previous experiments using a three-alternative
forced choice (3AFC) test.

Method

Methods, hypotheses, and the data analysis procedures were
preregistered and can be found online (Dames & Oberauer, 2021).
There, we also report detailed information on the randomization
procedure.

Participants

Inclusion and exclusion criteria were the same as before. From
the initial sample (N = 150), 26 participants were excluded, result-
ing in a final sample size of n = 124 (Mage = 25.9, SD = 4.6, range =
18–35 years; 57.3% female, 41.1%male, 1.6% diverse).

Material and Procedure

In Experiment 3, we expanded the local-probe recognition test
used in our previous experiments using a 3AFC test (see Figure
1). The same English nouns as in Experiments 1 and 2 served as
stimuli. This time, however, for every participant, 462 words were
randomly drawn from a pool of 600 words.
The trial structure was similar to Experiment 2, but the SCI was

always 0 s. Instead of the single local-recognition probe, a 3AFC
test was used. In one randomly selected to-be-remembered frame,
three test words were presented: (a) one word matched the previ-
ously presented word in that frame (“old-match”), (b) one word
belonged to another to-be-remembered frame in that trial (“old-
mismatch”), and (c) and one word was new. Using the keys 1, 2,
and 3, participants’ task was to select the word that was the same
as the one originally presented in the frame (old-match). The order
of these three words was random on each trial. On the three re-
moval forget trials, the 3AFC test was presented in one of the to-
be-forgotten frames (with the old-mismatch word being also a to-
be-forgotten word).

Results

Participants’ likelihood to select an old over a new word [p(old)]
served as a measure for item memory. Binding memory was meas-
ured by participants’ likelihood to select the match word given they

selected an old word [p(match j old)]. If participants had item mem-
ory for the to-be-forgotten words, participants should be able to cor-
rectly identify the two to-be-forgotten words as old words and
hence rarely select the new words at test. Yet, if directed forgetting
weakened item-context memory, they should struggle to correctly
discriminate between the old match and mismatch word.

Mean accuracy rates can be taken from Figure 3A. The statisti-
cal analysis procedures were the same as in Experiment 2 but were
conducted for p(old) and p(match j old) separately. For the 3AFC,
we did not analyze RTs.

The Availability of To-Be-Forgotten Items

P(old) in the removal condition was substantially lower for to-
be-forgotten than for to-be-remembered words (BF10 = 6.2 3
106), indicating a directed-forgetting effect for item memory. Fur-
thermore, p(old) for to-be-forgotten words was above chance level
(66.67%; BF10 = 1.3 3 1015). We again observed a directed-for-
getting effect in binding memory: p(matchjold) was substantially
lower for to-be-forgotten than for to-be-remembered words
(BF10 = 5.5 3 1029). Furthermore, p(match j old) for to-be-forgot-
ten words was above chance level (50%; BF10 = 1,166,108.4).

Effects of Facilitation

Both item memory (BF10 = 11.3), as measured by p(old), as
well as binding memory (BF10 = 167,789), as measured by
p(match j old), were higher in the removal remember condition
than in the large set size baseline. P(old) did not differ between
the removal remember condition and the small set size baseline
(BF01 = 4.7). For p(match j old), evidence concerning a difference
between the removal condition and the small set size condition
was ambiguous (BF01 = 2.7).

To summarize, the results of Experiment 3 demonstrate directed
forgetting not only for binding but also for item memory. In addi-
tion, we observed the typical facilitations effects for to-be-remem-
bered WM content for both item and binding memory.

Experiment 4

In Experiment 3, we found evidence for directed forgetting in
WM not only for binding but also for item memory. In Experiment
4, we tested again whether delaying the forget cue led to a more
robust representation in WM that is harder to remove. To make
sure that we did not miss a subtle effect of cue delay in Experi-
ment 2, here we varied the SCI over a broader range, from 0 to
5 s.

Method

Methods, hypotheses, and the data analysis procedures were
preregistered and can be found online (Dames & Oberauer, 2021).
There, we also report detailed information on the randomization
procedure.

Participants

The same inclusion and exclusion criteria as in Experiment 3
were applied. From the initial sample (N = 398), 77 participants
were excluded, resulting in a final sample size of n = 321 (Mage =
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26.7, SD = 5.2, range = 18–35 years; 57% female, 41.4% male,
1.6% diverse).

Material and Procedure

Stimuli and procedure were identical to Experiment 3 with the
only difference that following each word offset, all frames
remained empty for either 0 s, 1 s, or 5 s depending on the current
SCI condition (varied within subjects as in Experiment 2).

Results

Mean accuracy rates can be taken from Figure 3B. For the
3AFC, we did not analyze RTs.

The Availability of To-Be-Forgotten Items

Replicating the results of Experiment 3, both item memory

(BF10 = 2.13 1010), as measured by p(old), as well as binding mem-

ory (BF10 = 3.5 3 1045), as measured by p(match j old), were sub-

stantially lower for to-be-forgotten than for to-be-remembered words

in the removal condition. Furthermore, both p(old) for to-be-forgot-

ten words (BF10 = 5.93 1052) as well as p(match j old) for to-be-for-
gotten words (BF10 = 8.43 1027) were above chance level.

Effects of Facilitation

Item memory [p(old)] (BF10 = 195.6) as well as binding mem-
ory [p(match j old)] (BF10 = 1.4 3 1012) for to-be-remembered

Figure 3
P(Old) and p(MatchjOld) Across Set Sizes and Conditions of (A) Experiment 3 and (B) Experiment 4

Note. Error bars represent the within subject 95% confidence intervals. TBR = to-be-remembered; TBF = to-be-forgotten. See
the online article for the color version of this figure.
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words were higher in the removal condition than in the large set
size. Evidence for a difference in p(old) between the removal con-
dition and the small set size baseline was ambiguous (BF10 = 1.6).
P(match j old) did not differ between the small set size baseline
and the removal condition (BF01 = 9.4).

The Influence of the Stimulus Cue Interval

For all of the above reported comparisons, we investigated how
the effects between set sizes changed depending on the SCI inter-
val (0 s, 1 s, or 5 s). Different from Experiment 2, we ran separate
comparisons between the SCI levels of 0 s versus 1 s and 1 s ver-
sus 5 s. In so doing, we could pinpoint the impact of the SCI on
the effectiveness of removal for very short (0 s vs. 1 s) and fairly
long (1 s. vs. 5 s) durations. Hence, we tested the interaction
between condition and SCI levels for each of these two contrasts
separately. As illustrated in Figure 3B, we did not find any indica-
tion that the SCI influenced the strength of the condition effects.
All BFs testing the interaction between condition and SCI con-
trasts yielded evidence against such an interaction or were ambigu-
ous (see Table 1).
To summarize, we observed directed-forgetting and facilitation

effects for both binding and item memory in WM across all SCI
levels.

Effects of Directed Forgetting Over Serial Position

Taken together, Experiments 1–4 show robust directed-for-
getting effects in WM. Yet, in all experiments, recognition per-
formance of to-be-forgotten words was above chance level.
This finding raises the question of which to-be-forgotten words
were still in WM at the time of test. We have reason to assume
that particularly later-presented to-be-forgotten words may still
be in WM (potential processes causing this pattern of results
are discussed in the subsequent section): In a previous study
using an item-wise LTM directed-forgetting procedure, Lee
(2013) found that participants recalled later-presented to-be-
forgotten words better than those presented earlier in a study
list. Although Lee (2013) argued that these words were presum-
ably still held in short-term memory at test, this assumption has
not been directly tested. A recent study by Oberauer and Greve
(2021) supports the notion that directed-forgetting effects in
WM may differ as a function of serial position: Whereas mem-
ory for to-be-remembered lists showed the usual primacy and
recency effects, recall of to-be-forgotten lists showed predomi-
nantly a recency effect.
In the following, we investigated how recognition performance

changed as a function of serial position in Experiments 1–4. Figure 4

illustrates the resulting serial position curves. In all experiments, bind-
ing memory for to-be-remembered words in the large set size was bet-
ter for both early- and later-presented words of a list (as evident in the
typical bowed shape exhibiting both primacy and recency). In contrast,
binding memory for to-be-forgotten words was particularly weak for
early-presented words (except for Experiment 1; but see Experiment 2
on issues that were resolved in our subsequent experiments). Further-
more, the serial position curves show a strong recency effect for bind-
ing memory of to-be-forgotten words. That is, starting from the middle
part of the list, binding memory for to-be-forgotten words gradually
increased over serial position.

In sum, in line with Lee (2013) and Oberauer and Greve (2021),
the serial position curves reveal no primacy but a strong recency
effect for to-be-forgotten words. The enhanced memory for later-
presented to-be-forgotten words suggests that these words were
still held in WM.

General Discussion

The present study introduces a new method to jointly study the
effects of directed forgetting on memory for both relevant and
irrelevant information in WM. Across a series of four experiments,
instructing participants to forget some words in WM resulted in
low item and binding memory for these words, accompanied by
facilitation effects for the remaining to-be-remembered WM con-
tent. These results demonstrate the effectiveness of directed forget-
ting in WM and provide direct evidence for a process that removes
outdated information from WM (Ecker et al., 2014; Lewis-Pea-
cock et al., 2018). They also converge with work revealing
reduced interference of to-be-forgotten information in WM (Fes-
tini & Reuter-Lorenz, 2013, 2014). Thereby, we confirm that
removing some contents from WM goes hand in hand with facili-
tating memory for the remaining WM content.

Which Processes Cause the Directed-Forgetting Effects
in WM?

We consider seven processes underlying directed forgetting in
WM (see Figure 5). They can be subdivided into explanations that
involve the downregulation or loss of the to-be-forgotten informa-
tion (e.g., Anderson & Hanslmayr, 2014; Fawcett & Taylor, 2008;
Festini, 2020) and those that involve the upregulation or strength-
ening of the to-be-remembered information (e.g., MacLeod,
1975).

In the following, we will discuss five causal scenarios that could
explain the present results, either through a single process in Fig-
ure 5 or a combination of two of these processes. We selected

Table 1
Bayes Factors Against the Interaction Between SCI and Condition in Experiment 4

Interaction between SCI and effect of

p(old) p(match j old)
0 s vs. 1 s 1 s vs. 5 s 0 s vs. 1 s 1 s vs. 5 s

Large set size vs. removal remember BF01 = 4.0 BF01 = 3.2 BF01 = 9.7 BF01 = 0.7
Small set size vs. removal remember BF01 = 3.3 BF01 = 6.1 BF01 = 8.8 BF01 = 8.0
Removal remember vs. removal forget BF01 = 3.2 BF01 = 4.9 BF01 = 3.6 BF01 = 4.4
Removal forget BF01 = 3.8 BF01 = 2.3 BF01 = 4.6 BF01 = 4.9

Note. SCI = stimulus cue interval.
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these five scenarios either because they are prominent explanations
of item-wise directed forgetting in the episodic LTM or because
they are plausible given our data. We discuss for each scenario
whether it can explain the overall difference in recognition per-
formance between to-be-remembered and to-be-forgotten words,
the invariance of that effect over manipulations of time (i.e., the
SCI), as well as the serial position curves obtained in our addi-
tional analyses. We also discuss whether the scenarios can acco-
unt for the above-chance-level performance for to-be-forgotten
information.

Selective Removal

In the first scenario, items are initially encoded into WM. Upon
a forget cue, the last-presented item is selectively removed from
WM, for instance via Hebbian antilearning (Oberauer et al., 2012),
inhibition (e.g., Hasher & Zacks, 1988; Zacks et al., 1996), or
withdrawal of some maintenance or processing resource (e.g.,
Fawcett & Taylor, 2012; Festini & Reuter-Lorenz, 2017; see also
Festini, 2020, and Lewis-Peacock et al., 2018, for a discussion of
different mechanism resulting in the targeted weakening of WM

Figure 4
Serial Position Curved From (A, Left) Experiment 1, (A, Right) Experiment 2, (B) Experiment 3,
and (C) Experiment 4

Note. Error bars represent the within subject 95% confidence intervals. TBR = to-be-remembered; TBF = to-
be-forgotten. See the online article for the color version of this figure.
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representations). Removal might not be complete, and the residual
WM representation could explain the above-chance-level perform-
ance for to-be-forgotten words. Selective removal must be rapid
for two reasons: First, in the present study, there was little time
between a forget cue and the onset of the next word. Oberauer
(2018) varied the time between forget cues and presentation of the
next word and found complete facilitation of access to the remain-
ing to-be-remembered words even for the shortest time (33 ms).
Second, if removal of information from WM took several seconds,
then directed-forgetting effects should have increased with
increasing SCI, which we did not find.
Because selective removal of information from WM must be a

rapid process, such a removal process cannot explain the pattern
of results in our serial position analyses: If removal operates fast,
and only on the last-presented item, then binding memory for to-
be-forgotten words should not change as a function of serial
position.

Selective Encoding

In the selective-encoding scenario, each new item is initially held in
the focus of attention (Oberauer & Hein, 2012).2 Only upon a remem-
ber cue, it is fully committed to WM by binding the item to its context.

Upon a forget cue, the item is removed from the focus of attention
without being fully encoded into WM. Such selective encoding of a
to-be-remembered item into WM has to proceed rapidly before the
focus of attention is engaged by the next word. Like selective removal,
on its own, selective encoding does not account for the results of our
serial position analyses. One could, however, assume that the encoding
of each to-be-remembered item into WM depletes a limited WM
resource (e.g., Popov & Reder, 2020), resulting in a primacy gradient
for to-be-remembered words as illustrated in Figure 5. Selective
encoding is insufficient to explain why we consistently observed
above-chance performance for to-be-forgotten words. If items never
entered WM, then memory performance for to-be-forgotten words
should have been at chance level. Therefore, in this scenario, one
would need to additionally assume that information not fully commit-
ted to WM is nevertheless incidentally encoded into WM to some
(weaker) extent or else encoded into LTM. We consider the latter pos-
sibility in one of the later scenarios.

Figure 5
Hypothetical Processes Causing Directed-Forgetting Effects in Working Memory

Note. Red curves (curves on the left) represent the memory strength of to-be-forgotten items over serial position. Blue curves (curves on the right) rep-
resent the memory strength of to-be-remembered items over serial position. Green lines (connection lines in the middle) connect processes that can, in
combination, explain the serial position curves obtained in our experiments. The strength of the green lines (connection lines in the middle) reflects the
plausibility of these combinations given our data. See the online article for the color version of this figure.

2 We refer to the narrow focus of attention, which is a mechanism for
selective access to items in WM. It differs conceptually from the broad
focus of attention (Cowan, 2000) that forms the core of the WM
maintenance mechanism.
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Selective Rehearsal and Decay

In the third scenario, all items are initially encoded into WM. Subse-
quently, selective rehearsal (e.g., MacLeod, 1975; Woodward et al.,
1973) further strengthens items that are followed by a remember cue,
whereas to-be-forgotten items are left to decay (e.g., Barrouillet et al.,
2004; Ricker et al., 2016). Different from selective removal, decay
affects all to-be-forgotten items nonselectively, and its effect increases
as a function of time. Because items earlier in a list have more time to
decay than items later in a list, decay naturally creates a recency gradi-
ent for all items. Furthermore, selective rehearsal accounts for the pri-
macy effect in memory strength for to-be-remembered words as early
to-be-remembered words have more opportunity for rehearsal. At the
same time, participants do not rehearse to-be-forgotten words. Thus,
the beneficial effect of rehearsal for to-be-remembered words should
mainly come from the primacy region of a list, which is in line with
our findings. Together, decay and selective rehearsal produce serial
positions curves similar to the ones we observed in our experiments.
Because the later presented to-be-forgotten words have not decayed
fully, this scenario can account for the above-chance memory for to-
be-forgotten information.
Nevertheless, there are reasons to doubt this scenario. First,

there is evidence against decay for verbal WM contents (Oberauer
& Lewandowsky, 2013). In addition, studies with the recent nega-
tive probe paradigm showed that the intrusion cost for probes
matching preceding trials does not diminish as a function of time
passing (Berman et al., 2009; Festini, 2020), whereas a directed-
forgetting instruction does reduce it (Festini, 2020). This finding
suggests that directed forgetting cannot be explained by the simple
termination of processing of to-be-forgotten items. Second, one as-
pect of our findings speaks against the decay and selective re-
hearsal scenario: If to-be-forgotten items were simply left to decay
over time, then a longer SCIs following every word would have
given those items more time to decay. That should have led to
stronger directed-forgetting effects with longer SCIs, which was
not observed. Likewise, selective rehearsal would lead to a larger
directed-forgetting effect with longer SCIs as this time could be
used to strengthen earlier presented to-be-remembered items. Con-
sequently, longer SCIs should result in a larger strength advantage
of to-be-remembered over to-be-forgotten items, which we did not
find.

Attentional Boost and Automatic Updating of WM

In the fourth scenario, all items are initially encoded into WM
with some weak level of strength. Then, only upon a remember
cue, individuals particularly attend to an item, thereby boosting its
memory strength. This boosting could be accomplished by short-
term consolidation, a process assumed to firmly establish an ini-
tially weak and fragile trace in WM (Jolicœur & Dell’Acqua,
1998; Ricker et al., 2018). It is suggested that the attention devoted
to an item decreases with each successive item, creating a primacy
gradient of strength (e.g., Oberauer, 2003; Page & Norris, 1998).
If we additionally assume that participants have control over
which item to boost by attending to it (as suggested by Oberauer
& Greve, 2021), only to-be-remembered items receive an atten-
tional boost. This creates a primacy effect for to-be-remembered
but not to-be-forgotten words. Nevertheless, to-be-forgotten words
are still remembered to some extent as they are encoded into WM
with a baseline level of strength. This is exactly what we observed

and is in line with a similar observation made by Oberauer and
Greve (2021).

The attentional boost hypothesis on its own does not explain the
recency effect on to-be-forgotten items. This could be achieved by
assuming that the initial, not consolidated WM traces are vulnera-
ble to decay or retroactive interference (Ricker et al., 2018). Alter-
natively, encoding of a new event into WM could be accompanied
by a general, automatic updating process that reduces the strength
of all previous WM contents by a constant proportion. Such a
default global updating process could serve to ensure that there is
always enough WM capacity for encoding and maintaining new
information. Such an automatic updating process creates a recency
effect for all items: At test, items presented later in a list were not
subject to many updating steps so that both to-be-remembered as
well as to-be-forgotten items presented in the recency part of a list
are still remembered. This accounts for the observed above-
chance-level performance for to-be-forgotten words.

The idea of an attentional boost is similar to the selective-
encoding assumption discussed above, when combined with the
assumption of a partially depleted encoding resource. Hence, pre-
dictions made by the present scenario could also be obtained by
assuming a selective encoding process that depletes a limited WM
resource (e.g., Popov & Reder, 2020), with one exception: With
selective encoding of to-be-remembered items, the to-be-forgotten
items are predicted to not be encoded into memory at all. There-
fore, memory for to-be-forgotten items would be predicted to be at
chance. The following scenario describes a possible way to avoid
that limitation of the selective-encoding idea.

Selective Encoding, Incidental Encoding Into LTM, and
Context Drift

In the fifth scenario, all items are incidentally encoded into
LTM with some weak level of strength. In line with many models
of episodic LTM, this means that the items are associated to a tem-
poral context (e.g., Brown et al., 2007; Davelaar et al., 2005;
Sederberg et al., 2008). The weak initial encoding could be accom-
plished by “one-shot learning” (Malmberg & Shiffrin, 2005).3

Only upon a remember cue, to-be-remembered items are addition-
ally encoded into WM. Assuming that encoding into WM relies on
a gradually depleted resource (Popov & Reder, 2020) could
explain the primacy effect for to-be-remembered items. Because
the temporal context is constantly changing as new items (events)
are encoded, the context at test is most similar to the most recent
items. If the context at test is used as part of the retrieval cue, it
cues the last-presented items the most, creating a recency gradient
(see also Oberauer, 2003). If we assume that the encoding of asso-
ciations between items and their temporal context in LTM occurs
incidentally, unaffected by the intention to remember or forget, a
recency gradient would be generated regardless of intention and
hence should also be observed for to-be-forgotten words. Assum-
ing that LTM contributed to memory performance in the employed
WM tasks, incidental encoding of information into LTM explains

3 Malmberg and Shiffrin’s (2005) one-shot hypothesis appears to be a
promising start to explain why, irrespective of the memory cue, in a variety
of LTM directed-forgetting experiments, some amount of context memory
is incidentally encoded not only for to-be-remembered but also for to-be-
forgotten words (see Ahmad et al., 2019; Hockley et al., 2016).
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why performance for to-be-forgotten information was above
chance level.
As the directed-forgetting effect did not increase with longer

SCIs, we further need to assume that the temporal context changes
not as a function of the passage of time (as assumed, for instance,
in the SIMPLE model of Brown et al., 2007) but as a function of
events encoded into memory (as assumed, for instance, in the tem-
poral context model of Sederberg et al., 2008). One limitation of
the fifth scenario remains: It is unclear why the intention to
remember or forget should not affect the encoding of item-context
associations in episodic LTM (see Popov & Dames, 2021, for
recent evidence that the intent to remember significantly boosts
item-context associations in episodic LTM).
In conclusion, our results can only be explained by a combina-

tion of different processes: one process that explains why we
observe a primacy gradient for to-be-remembered but not for to-
be-forgotten words and one process that explains why recent to-
be-forgotten words are still remembered. Supported by recent
work demonstrating that long-term directed forgetting affects neu-
ral activity patterns of both to-be-remembered and to-be-forgotten
items (Fellner et al., 2020), we therefore deem a combination of
both up- and down-regulatory processes likely. Of the suggested
processes, two scenarios explain our data best: (a) the scenario
involving automatic global updating of working memory in com-
bination with an attentional boost or (b) the scenario involving in-
cidental encoding of all items by binding them to a temporal
context in episodic LTM, in combination with selective encoding
of to-be-remembered items into WM. It is worth noting that in
both suggested scenarios, the memory cue triggers a rapid process
to either selectively boost or encode the last-presented item into
WM.

Directed Forgetting Affects Both Item and Binding
Memory

We assessed the impact of directed forgetting on memory for
both the item itself as well as its associated context. The assess-
ment of both item and binding memory was motivated by two
claims in the literature: first, that intention to remember or forget
affects WM but not LTM (e.g., Oberauer & Greve, 2021), and sec-
ond, that WM capacity is a limit on binding but not item memory
(e.g., Oberauer, 2019) and that unbinding item representations
from their contexts has been assumed as a mechanism to achieve
removal of contents from WM (Lewis-Peacock et al., 2018). We
show that directed forgetting weakened not only memory for item-
context bindings but also memory for the items themselves. This
finding challenges one of the two assumption mentioned above. If
we assume that WM is limited for the maintenance of temporary
bindings but not item memory (Oberauer, 2019), then our results
suggest that the intention to remember or forget affects not only
the strength of bindings in WM but also that of item memory in
episodic LTM. That is, directed forgetting may influence memory
for bindings that are kept in WM as well as memory for items in
episodic LTM. Against the assumption that the intention to
remember or forget influences memory for items in episodic LTM,
Oberauer and Greve (2021) recently argued that because LTM has
unlimited capacity, it records information regardless of intention
(but see Popov & Dames, 2021, for recent evidence that intent
matters for episodic LTM and that the observed lack of an intent

on LTM performance can be attributed to an artifact of a pure-list
between-subjects design). If we assume that directed forgetting
affects only WM but not LTM, then the observed directed-forget-
ting effect on item memory suggests that WM contributes to meas-
ures of item memory. Hence, we conclude that either LTM is
sensitive to intention or WM contributes to measures of item
memory.

Directed Forgetting in WM Is Remarkably Robust

We observed very effective forgetting in WM even when testing
the to-be-forgotten items up to four times and even when we
announced upfront that to-be-forgotten items will occasionally be
tested. Directed-forgetting effects in WM remained robust for cues
delayed up to 5 s. In the context of the attentional boost scenario,
this implies that even after maintaining an item in WM for several
seconds, it can still be rapidly boosted. In the context of the selec-
tive encoding scenario, this means that an item can be held in the
focus of attention for several seconds without committing it to
WM, which then happens rapidly upon a remember cue.

Conclusion

This work establishes a new method to investigate how the
intention to remember or forget affects WM. Using this method,
we demonstrate a strong impact of directed forgetting on both item
and binding memory in WM, as evident in participants’ poor abil-
ity to access to-be-forgotten words and improved memory for to-
be-remembered words. Directed forgetting in WM is highly effec-
tive even after information has been held in memory for up to 5 s.
The present data can best be explained by a combination of two
processes: One process renders memory representations of earlier
events less accessible, and this happens as a function of subse-
quently encoded events, not as a function of time passing. Another
process rapidly encodes or boosts memory strength only for those
events that the person intends to remember.
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Appendix A

Information on Follow-Up Questionnaire

Over all studies, we measured participants’ task compliance
and understanding of instructions using a detailed follow-up
questionnaire. In the following, we provide a detailed overview
of the respective questions:

In this experiment the frame turned blue and orange after a word was
presented. One of the colored frames indicated that you should
remember the word and the location. Please select the color that indi-
cated that you should remember the frame/word.

• If they responded incorrectly to this question (i.e., selected
“orange”), participants were excluded from the analysis.

• Participants were asked to describe in their own words
what they did after a forget/remember cue appeared; par-
ticipants that indicated they tried to remember all words
irrespective of the memory cue were excluded.

• If participants noticed that occasionally to-be-forgotten
words were tested, we asked them how they responded
(using a multiple-choice question). Participants that indi-
cated that they always responded with a certain key
regardless of whether or not they could remember the
word were excluded (e.g., always pressed “different loca-
tion” in Experiments 1 and 2 even though they could
remember the word); this multiple-choice question was
accompanied with a self-report on how they responded in
such cases (“Please describe in your own words how you
responded when you noticed that we tested your memory
for one of the orange frames”).

• Starting with Experiment 2, we additionally asked partici-
pants whether they used any external help to remember
the words (e.g., pen and paper).

• Using a Likert scale, we asked participants how hard they
tried to memorize the words in the orange frames; partici-
pants that indicated that they tried to remember the to-be-
forgotten words very hard were excluded from the
analysis.

• We asked participants whether they could complete the
experiment undisturbed or whether they had any technical
issues during the experiment.

• Only in Experiment 1 (with the surprise test), we addi-
tionally asked participants how much they suspected that
we would test their memory for the to-be-forgotten
words; participants with a very strong suspicion were
excluded.

• We asked participants whether they participated seri-
ously in the experiment (“Yes, I took the experiment
seriously. My data can be used for analysis”) or not
(“No, I just wanted to ‘have a look,’ participated a sec-
ond time, or do not want my data to be used for analy-
sis”) and excluded participants that responded with “no.”
For this question, we added the note,

Please answer this question honestly. Regardless of the response to
this question, you will receive credit when you fully participated in the
study (even in case you press ‘no’). We ask for your honesty in order
to include only meaningful data into our analysis.

(Appendices continue)
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Appendix B

Mean Accuracy Rates Across Set Sizes and Conditions Separated for Match and Mismatch Trials
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Revision received March 3, 2022

Accepted April 15, 2022 n

Figure B1
Mean Accuracy Rates Across Set Sizes and Conditions Separated for Match and Mismatch Trials of Experiment 1
(Left) and Experiment 2 (Right)

Note. Error bars represent the within subject 95% confidence intervals. TBR = to-be-remembered; TBF = to-be-forgotten. See
the online article for the color version of this figure.
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