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Abstract

Protecting working-memory content from distracting external sensory inputs and intervening tasks is a
ubiquitous demand in daily life. Here, we ask whether and how temporal expectations about external
events can help mitigate effects of such interference during working-memory retention. We
manipulated the temporal predictability of interfering items that occurred during the retention period
of a visual working-memory task and report that temporal expectations reduce the detrimental
influence of external interference on subsequent memory performance. Moreover, to determine if the
protective effects of temporal expectations rely mainly on distractor suppression or also involve
shielding of internal representations, we compared effects after irrelevant distractors that could be
ignored vs. interrupters that required a response. Whereas distractor suppression may be sufficient to
confer protection from predictable distractors, any benefits after interruption are likely to involve
memory shielding. We found similar benefits of temporal expectations after both types of interference.
We conclude that temporal expectations may play an important role in safeguarding behaviour based
on working memory — acting, at least partly, through mechanisms that include the shielding of internal
content from external interference.
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Introduction

Visual working memory is the cognitive ability to store and manipulate visual information temporarily
for guiding future behaviour (Baddeley, 1992; Nobre & Stokes, 2019). In everyday life, a key challenge
for this memory system is to maintain task-relevant past sensations, while simultaneously ignoring
incoming external interference, such as irrelevant perceptual inputs (i.e., distractions) or intervening
tasks (i.e., interruptions) (Bae & Luck, 2019; Berry et al., 2009; Clapp et al., 2010; Hakim et al., 2021;
Mishra et al., 2013; Zickerick et al., 2020, 2021). Yet, factors contributing to the resilience of memory
representations to sources of external interference remain poorly understood. Here, we investigated
whether temporal expectations concerning interfering events could help mitigate their detrimental
impact on working-memory performance. In addition, we asked if potential benefits of temporal
expectations arise solely through improved suppression of anticipated external inputs or also include
shielding (i.e., protection) of internal representations.

It has become well established that external distractors do not only interfere with the encoding
(e.g., Feldmann-Wustefeld & Vogel, 2019; McNab & Klingberg, 2008; Vogel et al., 2005; for a review
see: Liesefeld et al., 2020) but also with the retention of sensory information in working memory (for a
review see: Lorenc et al., 2021). Accordingly, memory reports for both low-level features such as colour
(Nemes et al.,, 2012; Sun et al., 2017), location (Marini et al., 2017; van der Stigchel et al., 2007),
orientation (Barth & Schneider, 2018; Lorenc et al., 2018; Rademaker et al., 2015; Schneider et al,,
2017), or motion (Berry et al., 2009; Pasternak & Zaksas, 2003), as well as high-level stimuli such as
faces (Clapp et al., 2010; Mallett et al., 2020; Yoon et al., 2006) become more prone to errors when a
distractor is presented during the memory period. At the same time, working-memory content has also
been reported to be quite robust to various forms of interference (Zickerick et al., 2020; for a review
see: Xu, 2017, 2020), alluding to dynamics that may support such resilience.

In order to understand how the impacts of interference on working memory can be reduced,
we first turn to findings from the domain of perception. Studies on distraction during perceptual tasks
have shown that learned regularities can help dampen the effects of distractors through proactive
suppression (as reviewed in Geng, 2014; Geng et al., 2019; van Moorselaar & Slagter, 2020). For
instance, salient distractors cause less interference when occurring at locations where they are more
frequently presented (Failing et al., 2019; Ferrante et al., 2018; Goschy et al., 2014; Huang et al., 2021;
Leber et al., 2016; Reder et al., 2003; Sauter et al., 2018; Stilwell et al., 2019; Wang & Theeuwes, 2018).
Moreover, when targets appear at locations that frequently contain a salient distractor, detection of
the target is slowed, suggesting a general suppression for the distractor location (Failing et al., 2019;
Ferrante et al., 2018; Reder et al., 2003; Wang & Theeuwes, 2018). Extending these findings, efficient
reduction of distractions can also rely on feature-based regularities. Salient distractors can be more
efficiently rejected when they are more likely presented in one colour than any other colour (Failing et
al., 2019; Feldmann-Wistefeld & Schubo, 2016; Stilwell et al., 2019; Vatterott & Vecera, 2012).

Similar to the perceptual domain, working memory may be more resilient to interference if
distraction can be successfully predicted. There is some evidence that expectations about the
occurrence of distractors can help counter their negative consequences during working memory. For
example, working-memory performance has been shown to improve in conditions where distraction
during retention was more likely and could therefore be anticipated, as opposed to those where
distraction occurred only rarely (Hakim et al., 2020). However, it remains unclear whether other types
of expectations can also mitigate distraction during working memory, or through what processes such
mitigation might be mediated.

Temporal expectations of distractor onset could provide a potent source of information to
guide proactive anticipation, thereby facilitating the handling of interference during working memory.
In perception, besides spatial and feature information, the temporal dimension serves as a core facet
of proactive anticipation, orienting attention selectively to relevant points in time (Coull & Nobre, 1998;
van Ede et al.,, 2020; Vangkilde et al., 2012; for a review see: Nobre & van Ede, 2018). Temporal
expectations can improve performance when anticipated targets are followed by (van Ede et al., 2018),
paired with (Menceloglu et al., 2017), or embedded in distractors (Shalev et al., 2019). Beyond biasing



attention during perception, temporal expectations also operate in working memory, prioritising
memory representations during times when they are anticipated to be most relevant for behaviour (Jin
et al., 2020; Olmos-Solis et al., 2017; van Ede et al., 2017; Zokaei et al., 2019). To date, however, it has
remained unaddressed whether temporal expectations can similarly help reduce potential sources of
interference during working memory, and thereby facilitate working-memory performance.

At least two mechanisms could contribute to a potential benefit of temporal expectations in
mitigating interference: First, sensory processing of task-irrelevant distractors may be suppressed
(Bonnefond & Jensen, 2012; de Vries et al., 2019; Getzmann et al., 2018; Payne et al., 2013; Sawaki &
Luck, 2011), without necessarily affecting internal representations. Alternatively (or additionally),
anticipating interference may act on memory contents directly (i.e., shielding the memory items
themselves) independently of affecting the processing of external distractors per se.

In order to test for effects of memory shielding, it is necessary to introduce a type of
interference that cannot simply be suppressed, such as a sensory input that requires a response (i.e., a
secondary task) during the working-memory retention period. We therefore tested the putative
benefits of temporal expectations when faced with two types of interference: to-be-ignored perceptual
distractors and to-be-responded-to interrupters — the latter typically exerting a more detrimental
influence over working memory (Bae & Luck, 2019; Berry et al., 2009; Clapp et al., 2010; Hakim et al,,
2021; Mishra et al., 2013; Wang et al., 2019; Zickerick et al., 2021). While suppression can be used to
mitigate the effects of task-irrelevant perceptual distractors, it would be counterproductive to inhibit
sensory information that is relevant for an intervening secondary task. Consequently, if we are able to
demonstrate that proactive anticipation of a secondary task also improves memory performance, this
would suggest a contribution from internal shielding beyond any potential influence from external
distractor suppression.

Methods
Participants

The online study was approved by the Central University Research Ethics Committee of the University
of Oxford.

Participants were recruited via Prolific Academic (https://www.prolific.co/) a platform for
online participant recruitment well-suited for conducting web-based academic research (Palan &
Schitter, 2018; Peer et al., 2017; Sauter et al., 2020). Participants were pre-screened based on
demographic criteria (i.e., age range 18 to 40, fluent in English), general health (i.e., normal or
corrected-to-normal vision, no history of mental illnesses) and previous participation history on Prolific
Academic (i.e., participated in at least 10 studies, with a study approval rate above 90%). All participants
provided informed consent prior to participation and were paid £6.88 for their time. An additional
monetary reward of up to £5 could be earned depending on participants’ task performance in the
experiment. Specifically, performance above 80% received a bonus payment scaling from £0.01 at 80%
to £5 at 100%, with an average bonus payment of £0.76 (SD = 0.82) across all participants.

An initial power analysis in G*Power (Faul et al., 2007) targeted on the detection of medium
effects (d = 0.5, a = 0.05, 1-B = 0.95) suggested a sample size of n = 54. To reach the desired sample
size, data were collected from 79 online participants. Data from 22 participants were excluded following
our a-priori defined trial-removal procedure (before splitting data by conditions) and three more
participants were removed because they reported utilising an explicit non-memory-based strategy to
complete the task (see ‘Analysis’ for details). This yielded the desired final sample of 54 participants
(age range: 18 to 38 years; mean age: 27.17 years; 28 females, 48 right-handed).

Task and procedure

In the present study, participants performed a web-based visual working-memory task requiring the
reproduction of the exact angle of one out of two tilted bars at the end of a memory delay (Figure 1).



Two main manipulations of this task were (1) that the interference either appeared at a fixed (i.e.,
predictable) or variable (i.e., unpredictable) point in time, and (2) that it was either an entirely irrelevant
stimulus that should be ignored (i.e., distractor) or a stimulus requiring a response (i.e., interrupter).
These manipulations allowed us to assess whether and how temporal expectations mitigate external
interference in working memory. We return to these task features at the relevant instances below.
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Figure 1. Task schematic. Trials started with an encoding display consisting of two, lateralised tilted bars. Participants’
primary task was to remember the angle of both bars, of which one had to be reported at the end of the trial. On 75%
of the trials within a block, interference occurred for 250 ms during the memory delay. In Distraction blocks,
participants could ignore the interfering task-irrelevant distractor item. In Interruption blocks, participants indicated
whether the interfering item was tilted to the left or to the right. In Fixed-onset blocks, interference occurred at a fixed
time point within a block (at 500, 1250, or 2000 ms after encoding; counterbalanced across blocks). In Variable-onset
blocks, interference occurred equally likely at each of the three possible time points. The delay between encoding
offset and probe onset was always 2750 ms long. After the delay, a colour change of the central fixation cross indicated
which bar’s angle had to be reported. Participants were given unlimited time to retrieve the item from working
memory and to decide what to report. However, once they started pressing a key, they were given only 4000 ms to
complete their report. Following the report, participants received feedback in form of a number ranging from 0 to
100.

Participants completed the experiment in a web browser on their personal computers. The
recommended internet browsers were Mozilla Firefox and Google Chrome; participating via mobile
phone or tablet was not allowed. Prior to the experiment, participants’ individual screen resolution was
estimated by asking them to adjust an image of a credit card such that it matched the size of a physical
credit card. In this manner, we could calculate the ratio between the card image width in pixels and the
actual card width in centimetres to obtain a measure of pixel density (i.e., pixel per cm). Together with
the instructed viewing distance of approximately 60 cm (i.e., one arm’s length away from the monitor),
this allowed us to present stimuli in degrees of visual angle, regardless of monitor size (Li et al., 2020).
The experimental script was generated in PsychoPy (Peirce et al.,, 2019) and hosted online using
Pavlovia (http://www.pavlovia.org/). Experimental code will be shared on OSF (https://osf.io/) upon
acceptance.

At the start of each trial, two tilted bars were simultaneously presented against a grey (RGB
value: [128,128,128]) background for 250 ms. One bar was always positioned to the left and the other
to the right of the central fixation cross. Independent of location, one of the bars was tilted to the left
(anticlockwise) and the other to the right (clockwise). In order to avoid angles too close to vertical and
horizontal meridians, the items’ angles were randomly drawn in increments of 5° between 5° (-5°) and
85° (-85°). Across trials, a leftward or rightward oriented bar was equally likely to appear in the left



(right) position. The stimuli subtended approximately 0.8° in width and 5.7° in length and were centred
at a viewing distance of 5.7° visual angle from fixation. At encoding, both lateralised items were equally
likely to be probed, rendering them equally relevant.

Visual encoding was followed by a memory delay of 2750 ms, in which the fixation cross
remained on the screen. In 75% of trials within a block, a tilted bar (referred to as ‘interfering item’)
was presented during the memory delay in the centre of the screen for 250 ms. The total length of the
memory delay was 2750 ms, regardless of whether the interference appeared in that trial or not.
Depending on the type of block, this interfering item was either presented at a variable or fixed time
point (temporal predictability: fixed onset vs. variable onset), and participants either had to ignore or
respond to it (interference type: distraction vs. interruption).

In fixed-onset blocks, the interfering item always appeared at a specific point in time during
retention (interference onset: 500 ms or 1250 ms or 2000 ms after encoding onset depending on the
block). In variable-onset blocks the interfering item was equally likely to occur at any of these three
time points. That is, within the interference trials of a given variable-onset block, one third of the trials
contained the interfering item at 500 ms, one third at 1250 ms and one third at 2000 ms after encoding.

In distraction blocks, participants were instructed to ignore the interfering item. In contrast, in
interruption blocks, participants were required to respond to the item; if the bar was tilted to the left
(right), participants pressed the F (J) key on the keyboard with their left (right) index finger as fast as
possible. Within blocks, left- and rightward angles of the interfering items were counterbalanced. The
interfering item was always presented in a different colour than the two memory items that preceded
it. Colour of the memory items and the interfering item were always drawn from a set of three highly
distinguishable colours (RGB values: blue [0,225,228], orange [254,163,0], pink [253,142,253]). The
colours used for the memory items and the interfering item varied randomly across trials. The
interfering item had the same size as the memory items and its angle was also randomly drawn in
increments of 5° between 5° (-5°) and 85° (-85°).

Directly following the memory delay, the fixation cross changed colour (referred to as ‘probe’)
to indicate for which memory item the tilt should be reported. Participants were never probed about
the interfering item. Following the appearance of the probe, participants had unlimited time to decide
on their response. To report a leftward (rightward) angle, participants were asked to press the F (J) key
on the keyboard using their left (right) index finger. After response initiation, a visual response dial was
displayed on the screen, always starting in vertical position. The response dial had the same diameter
as the length of the bars (5.7° degrees) and always appeared surrounding the fixation.

The dial rotated leftwards when pressing F and rightwards when pressing J (either holding key
down or pressing key repeatedly; always in increments of 5°). Critically, the dial could only be rotated
in the direction that was initially indicated by the participant. For example, if a participant started
pressing the F key after the probe, the dial would only move leftwards, and it would therefore not be
possible to move the dial towards the right with the J key. Since the response dial always started in a
vertical position and because it could not be rotated beyond +90°, a leftward (rightward) oriented bar
could only be correctly reported with a left (right) key. As a consequence, the hand required for
responding was directly linked to the angle of the bar that was probed. This builds on previous tasks
from our lab (Boettcher et al., 2021; van Ede et al., 2019), though we note that the specifics of this
response implementation were not critical to the current study. Once participants started rotating the
dial, they were given only limited time (4000 ms) to complete the angle reproduction. This was intended
to encourage participants to recall the exact orientation before moving the dial. When the dial aligned
with the remembered tilt of the item, participants pressed the space bar to verify their response and
continue with the task.

Next, participants received feedback in the form of a number ranging from 0 to 100, with 100
indicating a perfect report and O indicating that the adjusted orientation was perpendicular to the angle
of the probed item. Feedback was presented for 500 ms. However, if time to adjust the angle ran out,
the message ‘Too slow’ was presented instead for 750 ms. In interruption blocks this was followed by
a second feedback message if participants responded with the wrong key (i.e., “‘Wrong key! Use the



correct key to respond to the distractor!’) or did not respond at all to the interfering item (i.e., ‘Respond
to the distractor!’). To incentivise fast responses to the interrupter, participants also received a
feedback message when their reaction time (RT) to the interrupter was slower than 750 ms (i.e., ‘Too
slow! Respond faster to the distractor!’). In distraction blocks, in which participants had to refrain from
responding to the distractor, a feedback message was displayed if participants responded to the
interfering item (i.e., ‘Don’t respond to the distractor!’). The distractor- and interrupter-specific
feedback message was combined with an image reminding participants to press F (J) when the
interfering item was tilted to the left (right) or to withhold their response, respectively. Feedback was
presented for a minimum of 750 ms and until the space key was pressed in order to encourage
participants to read the feedback message before being able to continue with the next trial. Trials were
separated by an inter-trial interval randomly drawn between 500 and 800 ms.

The experiment consisted of 384 trials divided across 12 blocks (each including 32 trials). The
blocks were split according to the type of interfering event. Six blocks included interrupters, while the
other six included distractors. These were further subdivided depending on the temporal predictability
of the interfering event, which had a fixed onset in three blocks (one block each of 500 ms, 1250 ms,
or 2000 ms), and a variable onset in the other three blocks (pseudo-randomised to occur equiprobably
at 500 ms, 1250 ms, or 2000 ms). As such, the total number of trials where the interfering event would
appear at any one delay interval after encoding (e.g., 500 ms) was equal between the corresponding
fixed-onset block and across the three variable-onset blocks.

The order of blocks was pseudo-randomised with the two possible interference types nested
within block pairs of the same temporal predictability. For example, a fixed-onset block with one type
of interference (e.g., distractors) was always followed by another fixed-onset block with the other type
of interference (e.g., interrupters). This would then be followed by a pair of variable-onset blocks (with
the order of fixed-onset and variable-onset pairs being counterbalanced across participants). The order
of the potential interference type was randomised within each temporal-predictability pair. The order
of the fixed-onset blocks with interference at 500, 1250, or 2000 ms was randomised across
participants.

The interference type (i.e., distractor vs. interrupter) was made explicit before the start of each
block by presenting participants an image of the trial sequence and a verbal reminder to either ignore
or respond to the interfering item. For the sake of simplicity, we referred to distractor blocks as ‘Ignore
blocks” and interrupter blocks as ‘React blocks’. Participants were informed that they would never have
to report the tilt of the interfering item. However, they were not informed about the temporal
predictability (i.e., fixed vs. variable) or about the three possible interference onsets (i.e., 500 ms, 1250
ms, 2000 ms). In order to become familiarised with the procedure of the experiment, participants
performed 16 practice trials of the interruption block and 16 trials of the distraction block, both with
variable interference onset. At the end of the experiment, participants were redirected to the survey
website Qualtrics (http://www.qualtrics.com/) where they were asked about comprehension of the
instructions, potential strategy used to complete the task, and whether they thought their data should
be analysed. The whole experiment lasted approximately 50 minutes.

Analysis

Data were analysed in R Studio (RStudio Team, 2019) and will be shared alongside the analysis script
on OSF (https://osf.io/) upon acceptance.. During data pre-processing, trials were removed if RTs (i.e.,
from probe onset to the first key press) exceeded 5000 ms, were 2.5 SD above the individual mean
across trials of all conditions, or if participants did not reproduce the probed angle within 4000 ms. We
also excluded trials in distractor blocks if participants responded to the interfering item, as well as trials
in interrupter blocks if participants did not respond, responded with the wrong key, or did not respond
within 1000 ms to the interfering item. Twenty-two datasets where more than 10% of trials were
rejected during these pre-processing steps were removed from further analysis. Additionally, three
datasets were also removed where participants self-reported to have employed explicit non-memory-
based strategies to maintain the encoding display (e.g., aligning their fingers with the memory items).



After this exclusion step, the data of 54 participants with an average of 94.00% (SD = 1.82) retained
trials entered the main analysis.

Reproduction errors were calculated by averaging the absolute difference between the original
angle of the probed item and the reported angle across all trials and within each condition. We also
analysed RTs to the intervening task during interruption blocks.

When comparing more than two means, we applied a repeated-measures analysis of variance
(ANOVA) and reported n?s as a measure of effect size. When evaluating only two means we applied
paired samples t-test and report Cohen’s d as a measure of effect size. For post hoc t tests, we report
Bonferroni-corrected p values that we denote as “Pgonferroni’. The ggplot2 package (version 3.3.3;
Wickham, 2009) was used for plotting results. Where relevant, the within-subject standard error of the
mean was calculated from normalised data using the approach from (Morey, 2008).

Results
Interference has a detrimental impact on working-memory performance

We first wanted to confirm the negative impact of interference on the accuracy of reports associated
with our visual working-memory task. To this end, we evaluated the average reproduction error (i.e.,
the absolute deviation from the probed orientation, for which lower levels indicate better performance)
and compared trials with and without interference during the memory delay. As depicted in Figure 2A,
errors were systematically larger when the memory delay was disrupted by interference in comparison
to trials without interference (ts3) = -7.117, p < 0.001, d = 0.968), and this was clear in almost every
participant who participated in our online experiment (Figure 2B).
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Figure 2. Interference impairs visual working-memory performance. (A) Participants were less accurate in trials with
interference as opposed to without interference. (B) shows the difference in reproduction errors between trials with
and without interference (Interference - No Interference), with individual participants’ differences plotted as dots.

Possible influence of temporal expectations on interference during working memory

Having confirmed that interference negatively affected task performance, we next turned to our main
guestion: Can proactive temporal expectations about the interference onset help overcome these
detrimental effects? We considered three possible scenarios regarding how temporal expectations
might influence working memory. First, temporal expectations may be unable to mitigate interference
resulting in reproduction errors being similar between fixed and variable interference onsets (Figure 3,
Scenario 1, red vs. grey bars). Conversely, temporal expectations may help mitigate the effects of
interference. Mitigation could occur through two mechanisms, reflected in two predicted patterns of
results. If temporal expectations work only through suppressing external sources of interference, it
should only reduce errors after distractors but be ineffective after interruption (Figure 3, Scenario 2).



Alternatively, if temporal expectations can shield directly internal representations from external
sources of interference, errors should also be reduced for temporally predictable interrupters (Figure
3, Scenario 3).

Scenario 1: Scenario 2: Scenario 3:
No Temporal Temporal Expectation Benefit Temporal Expectation Benefit
Expectation Benefit Suppression Alone Shielding

[ Fixed Onset
[T Variable Onset

Error

Distraction Interruption Distraction Interruption Distraction Interruption

Figure 3. Possible patterns of errors in the working-memory task as a function of temporal predictability and
interference type. No temporal expectation benefit (left), temporal expectation benefit occurs exclusively through
distractor suppression (middle), and temporal expectation benefit occurs through memory shielding (right).

Temporal expectations mitigate interference

If participants could leverage temporal expectations to mitigate interference, then working-memory
performance should be better (i.e., smaller reproduction errors) in blocks where interference occurred
at a fixed (i.e., temporally predictable) as compared to a variable (i.e., temporally unpredictable) point
in time during the memory delay. In support of this hypothesis, we found significantly smaller errors
when interference could be temporally predicted (Figure 4A; F1s3) = 9.916, p = 0.003, n’ = 0.006),
ruling out the first of our hypothetical scenarios (Figure 3, left). In addition, and as expected, we also
found a main effect of interference type, showing that participants were overall worse when they were
required to respond to the interfering item (Figure 4A; (153 = 74.707, p < 0.001, n’ = 0.122).

Temporal expectations shield internal representations from anticipated interference

If participants benefited from temporal expectations exclusively by suppressing the interfering item —
as in the second possible scenario (Figure 3, middle) — then the effect of temporal expectations should
be present only in distractor blocks, but not in interrupter blocks where participants had to attend and
respond to the interfering item. Alternatively, if proactive anticipation in time instead (or additionally)
shields working-memory content, then we should find smaller errors for fixed compared to variable
onsets for both types of interference (Figure 3, right). In line with the third scenario, the effects of
temporal expectations were similar in distractor and interrupter blocks (Figure 4A, 4B), without a
significant interaction between temporal predictability and interference type (F,53 = 0.833, p = 0.366,
n%s < 0.001). If anything, the temporal expectation benefit was numerically even larger, albeit not
significantly, for interrupters than distractors. This suggests that temporal expectations help overcome
interference not only when the source of interference can be ignored, but also when a secondary task
has to be completed during the period of memory retention.

This pattern of results was obtained across all three tested interference onsets (Figure 4C),
indicating that internal representations can be protected against distractors as well as interrupters,
regardless of whether interference occurs at an early, intermediate, or late time point after encoding
(see Supplementary Tables 1 and 2 for the full set of descriptive and inferential statistics).
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Figure 4. Temporal expectations about the onset of interfering events support the robustness of visual working
memory. (A) Reproduction errors in the visual working-memory task were smaller when participants could temporally
predict interference. (B) Temporal expectations increased working-memory performance for both interference types.
The temporal expectation benefit was calculated by averaging the difference in reproduction errors between variable-
onset blocks and fixed-onset blocks (Fixed - Variable) across participants and interference type. Individual participants’
differences are plotted as dots. (C) The temporal expectation effect was similar across all possible interference onsets.

The benefit on the working-memory task does not occur at the expense of the intervening task

To rule out the possibility that participants experienced less interference simply because they chose to
ignore the temporally predictable interrupters, we also tested for differences in RTs to the interrupters
themselves, when these occurred at predictable vs. unpredictable times. Participants responded faster
to the interrupter when it occurred at a predictable time in the memory delay compared to a variable
onset (Figure 5A, 5B; F1,53 = 32.037, p < 0.001, n = 0.023). Thus, temporal expectations did not induce
a trade-off between performance on the main and the intervening task, but instead improved
performance on both.

For performance to the interrupter, we also found a main effect of interference onset (F(2,106) =
15.655, p < 0.001, n’s = 0.037). Higher RTs occurred overall when the interrupter was presented at 500
ms as compared to 1250 ms (ts3)=5.123, Peonferroni < 0.001, d = 0.697) and 2000 ms (t(s3)=4.089, Peonferroni
<0.001, d =0.556); however, there was no difference in RTs between trials with 1250-ms and 2000-ms
interrupter onsets (t(s3=-0.368, Paonferroni = 1.000, d = 0.050).

Interestingly, in contrast to what we observed for the influence of temporal expectations on
working-memory performance (Figure 4C), we found a significant interaction between temporal
predictability and interference onset in the secondary task (Figure 5C; F2,106) = 15.785, p < 0.001, n% =
0.026). Pairwise comparisons revealed faster RTs to the interrupter when it was temporally predictable



compared to unpredictable at 500 ms (t(s3) = -6.065, Paonferroni < 0.001, d = 0.825), but not at 1250 ms
(ts3)=-0.187, Peonferroni = 1.000, d = 0.025) or 2000 ms (t(s3) = -1.709, Psonferroni = 0.280, d = 0.233). The
effect of faster RTs to interrupters after short delays but not after long delays is in agreement with prior
studies of temporal expectations in simple perception and action tasks (Coull, Frith, Blchel, & Nobre,
2000; Cravo, Rohenkohl, Santos, & Nobre, 2017; Miniussi, Wilding, Coull, & Nobre, 1999; Nobre, 2001;
also reviewed in Nobre, 2001; Nobre & van Ede, 2018). Interestingly, however, we did not find a similar
onset-dependence for the protective effect of temporal expectations on working-memory performance
(Figure 4C). This may suggest that temporal expectations exert distinct influences on working-memory
protection and secondary task facilitation — a possibility that remains interesting to address in future
research but for which further discussion is beyond our current scope.
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with individual participants’ differences plotted as dots. (C) The temporal expectation effect was most pronounced
when the interrupter occurred at occurred at 500 ms compared to at 1250 ms or 2000 ms after encoding onset.
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Discussion

To ensure efficient goal-directed behaviour, internal representations must be protected from irrelevant
perceptual distractors as well as intervening tasks. Here, we provide evidence that temporal
expectations help overcome the detrimental impact of both types of interference on visual working
memory. Our results demonstrate that temporal expectations improved working-memory performance
irrespective of the type of interference — that is, even when interference acts as a secondary task.
Because temporal expectations also improved working-memory performance in interrupter trials, we



can conclude this benefit is unlikely driven solely by increased suppression of the external sensations.
Instead, our findings suggest that shielding of internal contents may provide a potent source to mitigate
interference during working-memory retention. This is further supported by the finding that temporal
expectations protected working memory even when enhancing performance to the secondary task.

In addition to these main insights, we also replicated previous research demonstrating working
memory to be substantially more impaired following interruptions as opposed to distractions (Bae &
Luck, 2019; Berry et al., 2009; Clapp et al., 2010; Hakim et al., 2021; Mishra et al., 2013; Wang et al.,
2019; Zickerick et al., 2021). Besides calling on attentional control processes and mental workspaces
that may have been concurrently active for working memory (e.g., Bae & Luck, 2019; Barrouillet et al.,
2007; Souza & Oberauer, 2017), interrupters — which required a manual response — may also have
directly affected the preparation of memory-guided actions. In our task, items were associated with
specific actions which would allow action plans to be coactivated together with visual representations
(Boettcher et al., 2021; van Ede et al., 2019). As such, interrupters may have additionally interfered
with action plans in working memory, yielding a more detrimental effect on performance than was
elicited by visual distractors not requiring any manual response. In agreement with this, a recent study
(Zickerick et al., 2021) showed that interrupters, but not distractors, were detrimental to the
modulation of electroencephalography (EEG) mu-alpha activity — a neural signature linked to action
preparation (McFarland et al., 2000; Neuper et al., 2006; Salmelin & Hari, 1994). Thus, in addition to
the requirement to reactivate sensory representations after interruption (Clapp et al., 2010; Sakai et
al., 2002), the impeded retrieval of action plans following interrupters may further account for the
greater memory loss — a possibility to be more thoroughly tested in future research.

It has previously been shown that working-memory performance can improve when interfering
items gained less attention during retention (Bonnefond & Jensen, 2012; Clapp et al., 2010). Building
on this, we demonstrate that working memory can also improve through anticipation of interference,
even when the source of the interference itself cannot be suppressed, as was the case for our
interrupters. In fact, RTs were even faster for predictable early interrupters (i.e., 500 ms after encoding
onset), indicating that increased attention to the interfering item can co-occur with better working-
memory performance. This might potentially be mediated by active allocation of attention to expected
interference, as recently demonstrated in a related working-memory task (Makovski, 2019). Thus, our
results argue for a second route by which distractor anticipation can facilitate working-memory
performance — by shielding of the internal representations, rather than suppressing the external inputs.

Although our findings advocate for memory shielding, we do not wish to claim that distraction
suppression is not also an important mechanism for handling interference. Previous work has
demonstrated that perceptual distractors are suppressed while ongoing memory content is maintained
(Bonnefond & Jensen, 2012; de Vries et al., 2019; Getzmann et al., 2018; Payne et al., 2013; Sawaki &
Luck, 2011), more specifically, Bonnefond and Jensen (2012) found evidence for suppression through
phase shifts within the alpha band prior to the onset of a temporally predictable distractor. Moreover,
task-irrelevant distractors — but not interrupters which required attention — elicited neural signatures
reflecting suppression (Hakim et al., 2021).

Nonetheless, suppression alone cannot account for all of our findings. If the observed effects
were purely driven by suppression, working-memory performance would not improve when
interference imposed secondary task demands requiring attention, and task performance to the
interrupter would be similarly unlikely to improve. Therefore, the anticipation of interference in our
task may have been subserved both by shielding and suppression mechanisms. In addition, these two
mechanisms may act independently and differentially based on task demands. In future work, it will
also be of interest to use neural measures to adjudicate between suppression and shielding. For
instance, multivariate decoding of EEG signals with high temporal resolution may expose differential
neural signatures linked to the handling of each interference type (c.f., van Ede et al., 2018). This could
inform us whether there is a default mechanism by which temporal expectations are enacted to protect
working memory, or whether the mechanism utilised depends on the task and source of interference
at hand.



Furthermore, the current study raises an interesting question regarding how the two
mechanisms — suppression of external input and shielding of internal representations — could operate.
Suppression of anticipated interference during working-memory retention has been linked to
modulations of oscillatory activity, such as increases in midfrontal theta (de Vries et al., 2019) and
posterior alpha power (Bonnefond & Jensen, 2012; de Vries et al., 2019; Payne et al., 2013), presumably
reflecting an inhibition of sensory areas involved in processing of distractors. However, there is less
consensus as to how memory contents themselves can be protected against interference. Over the
past decade, different types of evidence have emerged regarding the neural mechanisms of how items
are held in working memory (Kaminski & Rutishauser, 2020; Serences, 2016), each offering unique
possibilities as to how internal representations could be shielded. For example, the traditional
assumption that working memory relies on sustained neural firing (Funahashi et al., 1989; Fuster &
Alexander, 1971; Goldman-Rakic, 1995; Miller et al., 1996) has recently been challenged. ‘Activity-
silent” mechanisms have been proposed to underlie working-memory retention through synaptic
weight changes (Masse et al., 2020; Mongillo et al., 2008; Stokes, 2015). Based on the results of neural
decoding analyses, it has been suggested that memory content may transition to a ‘latent’ state while
other distractors or working-memory items are processed before re-emerging into active state when
task relevant (LaRocque et al., 2017; Lewis-Peacock et al., 2012; Sprague et al., 2016). Further, as these
silent memories do not seem to bias perception (Mallett & Lewis-Peacock, 2018) or be manipulated
without prior reactivation (Trlbutschek et al., 2019), it is conceivable that information stored in a latent
state might be less susceptible to disruption by interference (cf. Lorenc et al., 2021) — an exciting
possibility that remains to be carefully investigated.

In the current work, the time of the working-memory task itself was always fully predictable.
Because of this, the momentary task relevance of the memory contents could be deduced by the
passage of time (as in Jin et al., 2020; Olmos-Solis et al., 2017; van Ede et al., 2017; Zokaei et al., 2019).
Foreknowledge of when the memory contents become relevant may well play a role in the ability to
shield internal representations from external interference, and it may allow internal representations to
be momentarily deprioritised and facilitate interference handling. In future studies it may be interesting
to address whether memory shielding against interference may depend on temporal expectations of
the memory task itself.

In conclusion, the present study showed firstly that temporal expectations help mitigate
interference during visual working memory, and additionally that the influence of proactive temporal
anticipation of interference does not operate exclusively through external distractor suppression, but
also engages processes of memory shielding. In future studies, it will be interesting to reveal the exact
(neural) mechanisms that support the handling of these various sources of interference in working
memory.
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Supplementary material

Supplementary table 1. Descriptive statistics. Mean and standard error of reproduction errors for the factors

interference type (distraction vs. interruption), temporal predictability (fixed vs. variable), and interference onset
(500 ms vs. 1250 ms vs. 2000 ms).

Distraction Interruption
Fixed Variable Fixed Variable
mean 13.526 14.167 17.334 18.444
SE 0.390 0.289 0.317 0.383
500 1250 2000 500 1250 2000 500 1250 2000 500 1250 2000
ms ms ms ms ms ms ms ms ms ms ms ms
mean  13.565 13561  13.418 14.616  13.848  14.031 17.605  16.428  18.256 18304  17.447  19.614

SE 0.507 0.471 0.535 0.375 0.388 0.429 0.656 0.607 0.637 0.586 0.485 0.758




Supplementary table 2. (A) Main effects and interactions of reproduction errors for the factors temporal
predictability, interference type, and interference onset, tested with a 2x2x3 repeated-measures ANOVA. This
analysis yielded a significant main effect of temporal predictability, confirming the effect that temporal
expectations improve visual working-memory performance. We also found a significant effect of interference
type and interference onset. Further, the interaction between interference onset and interference type was
significant. (B) Bonferroni-corrected pairwise comparisons of reproduction errors between the three different
interference onsets were conducted to break down the main effect of the factor interference onset. However,
errors did not significantly differ between the three interference onsets. (C) To test whether the effect of
interference type differed between interference onsets, we performed Bonferroni-corrected pairwise
comparisons. This analysis revealed that interrupters significantly decreased visual working-memory performance
at all three interference onsets.

A) Repeated-measures ANOVA of reproduction errors

df F p N’
Temporal Predictability* 1,53 8.774 0.005 0.004
Interference Type** 1,53 75.288 <0.001 0.096
Interference Onset* 2,106 3.395 0.037 0.004
Temporal Predictability x Interference Type 1,53 0.502 0.482 <0.001
Temporal Predictability x Interference Onset 2,106 0.104 0.902 <0.001
Interference Type x Interference Onset* 2,106 3.943 0.022 0.004
Temporal Predictability x Interference Type x 2 106 0.415 0.662 <0.001

Interference Onset

B) Bonferroni-corrected pairwise comparisons of reproduction errors between the three different interference
onsets.

df t PBonferroni d
500 ms vs. 1250 ms 53 1.936 0.175 0.263
500 ms vs. 2000 ms 53 -0.722 1.000 0.098
1250 ms vs. 2000 ms 53 -2.192 0.098 0.298

C) Bonferroni-corrected pairwise comparisons of reproduction errors between distractors and interrupters at
each of three interference onsets.

df t PBonferroni d
Distractor vs. Interrupter: 500 ms 53 -6.101 <0.001 0.830
Distractor vs. Interrupter: 1250 ms 53 -5.572 <0.001 0.758

Distractor vs. Interrupter: 2000 ms 53 -7.839 <0.001 1.067




