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Abstract
Some theories propose that working memory (WM) involves the active deletion of irrelevant information, including 
items that were retained in WM, but are no longer relevant for ongoing cognition. Considerable evidence suggests that 
active-deletion occurs for categorical representations, but whether it also occurs for recall of features that are typi-
cally bound together in an object, such as line orientations, is unclear. In two experiments, with or without binding 
instructions, healthy young adults maintained two orientations, focused attention to recall the orientation cued first, 
and then switched attention to recall the orientation cued second, at which point the uncued orientation was no longer 
relevant on the trial. In contrast to the active-deletion hypothesis, the results showed that the no-longer-relevant items 
exerted the strongest bias on participants’ recall, which was either repulsive or attractive depending on the degree of 
difference between the target and nontarget orientations and the proximity to cardinal axes. We suggest that visual 
WM binds features like line orientations into chunked representations, and an irrelevant feature of a chunked object 
cannot be actively deleted – it biases recall of the target feature. Models of WM need to be updated to explain this 
dynamic phenomenon.
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Introduction

Working memory (WM) is used to maintain and manipu-
late items in mind while using them to accomplish a goal 
(Baddeley, 2012). Many theorists propose that, in addition 
to actively retaining goal-relevant information, WM also 
involves actively deleting information that is no longer 
relevant1 (Hasher et al., 2007; Lewis-Peacock et al., 2018; 
Oberauer, 2009). However, the results reported here sug-
gest that this mechanism may not be universally applied.

Measuring the prioritization and deletion of items 
in working memory (WM) with retrocue tasks

While maintaining goal-relevant information in WM, it 
helps to be cued to the information that is most relevant 
for ongoing cognition (e.g., which item will be tested by an 
upcoming recall or recognition test) even if the cue comes 
after the information has been presented and encoded in 
WM (i.e., retrocues) (Souza & Oberauer, 2016). Numer-
ous studies have shown differences in behavior (accuracy, 
response times) and brain activity (EEG/ERP, MEG, fMRI) 
associated with WM for retrocued versus uncued items (for 
a meta-analysis, see Wallis et al., 2015). Many theorists have 
concluded that these differences arise when internal atten-
tion selects and protects retrocued items against interference 
from other items in WM (Souza et al., 2016). Other theorists 
have posited that retrocueing benefits relevant items because 
controlled attentional processes can be strategically used to 
actively delete irrelevant items from WM (e.g., Lewis-Pea-
cock et al., 2018). However, it is unclear whether cueing is 
beneficial because people selectively attend to and enhance 
the representation of relevant items, because they selectively 
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1 There are many similar terms that have been used to describe this 
process including suppression, inhibition, deletion, removal, clearing, 
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connote similar or different processes is unclear. Here we use the 
term “active deletion” to refer to the general mechanism, and discuss 
how clarification among related and distinct concepts is needed.
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delete irrelevant items, or because of both (Lintz & Johnson, 
2021). Tasks with multiple retrocues are particularly reveal-
ing because the consequences of prioritizing one item over 
the rest can be assessed for both the initially cued and the 
initially uncued items.

Consider a situation in which two to-be-remembered 
items are presented and actively retained in WM; an initial 
retrocue indicates which item is to be tested first, and then a 
second retrocue indicates which item is to be tested second. 
Using such a task with categorical stimuli (faces, words, 
or directions of motion) as memoranda, Rose et al. (2016) 
showed behavioral and neural evidence that supported the 
idea that no-longer relevant items were actively deleted 
from WM. When the two items were initially presented 
and retained in WM, the category of both items could be 
decoded from the participant’s brain activity using fMRI or 
EEG. Following the first retrocue, neural representation of 
the uncued item dropped to baseline as if it were no longer 
actively retained “in WM” – but it could be reactivated by 
a single pulse of transcranial magnetic stimulation (TMS) 
applied to a category-selective region of posterior cortex. 
This suggested that, while this uncued item was still poten-
tially relevant later on in the trial, the uncued item was pas-
sively retained in WM via “activity-silent” (short-term syn-
aptic plasticity) mechanisms (Rose, 2020; Silvanto, 2017).2 
However, following the second retrocue, which indicated 
that the uncued item was no longer relevant on the trial, 
TMS could no longer reactivate the uncued (no-longer-
relevant) item. This suggested that the no-longer-relevant 
item was actively deleted from WM following the second 
retrocue. For replications and extensions, see Fulvio and 
Postle (2020) and Wolff et al. (2017).

Related research has also shown evidence for an active-
deletion process that removes items cued as no longer rel-
evant for WM (Oberauer, 2018; for a review, see Lewis-
Peacock et al., 2018). However, other evidence suggests that 
this active-deletion mechanism is not always utilized (Dagry 
et al., 2017; Dagry & Barrouillet, 2017; Lilienthal et al., 
2015; Lintz & Johnson, 2021; Oberauer, 2018). Although 
the active-deletion hypothesis proposes that slower presen-
tation rates allow more time to remove distractors and also 
that deleted items should be less accessible on subsequent 
memory tests, contradictory evidence has been shown from 
repetition priming, lexical decision, and subsequent memory 
effects of distractors (e.g., Dagry et al., 2017; Dagry & Bar-
rouillet, 2017; Lilienthal et al., 2015), even when partici-
pants are explicitly instructed to either remove uncued items 
or refresh cued items (Lintz & Johnson, 2021).

Revealing the activation state and interference 
among items in WM with repulsion and attraction 
effects

Another way to test how items are retained in (or deleted 
from) WM is to examine the extent to which retained items 
interfere with one another during recall (Wildegger et al., 
2015). For stimuli that are represented in a continuous fea-
ture space such as orientations, spatial locations, colors, etc., 
it is possible to detect subtle numerical biases between items 
retained in WM (Bae & Luck, 2017). For example, when 
attempting to recall a cued item in WM (e.g., an orientation 
of 30°), an uncued item in WM (e.g., an orientation of 10°) 
can systematically bias recall of the cued item either away 
from the uncued item – a phenomenon called “repulsion” 
(Kiyonaga & Egner, 2016) – or toward the uncued item – a 
phenomenon called “attraction” (Chunharas et al., 2022). In 
this example, repulsion would be reflected by the participant 
recalling the target orientation to be farther in the feature 
space from the distractor (e.g., 32° vs. 28°). Such biases 
have also been shown to influence WM for color (Golomb, 
2015), motion (Czoschke et al., 2019), and even faces whose 
features vary along continua (Mallett et al., 2020). Bias can 
come from both task-irrelevant distractors or memoranda 
from previous trials, as in the so-called serial dependence 
effect (Shan & Postle, 2022). The phenomenon is consistent 
with neurocomputational models of visual WM that posit 
repulsive bias between similar items due to lateral inhibition 
(Johnson et al., 2009), which can flip in sign from an attrac-
tive bias from a previous trial to a repulsive bias within a 
trial (Fritsche et al., 2020).

The present study

The present study used orientations and a similar double-
retrocue paradigm to that used by Rose et al. (2016) to exam-
ine repulsion and attraction effects of competing memory 
items (Fig. 1).

In a double-retrocue task, bias should be largest on recall 
1 (when the uncued item is still potentially relevant on the 
trial). If the uncued item is actively deleted after the second 
cue (because it is no longer relevant on the trial), then bias 
should be smaller on recall 2 than on recall 1. However, 
larger bias from the uncued item on recall 2 compared to 
recall 1 would suggest that the no-longer-relevant item per-
sists in WM; such findings would question the generaliz-
ability of the active-deletion mechanism.

Our task design and analyses allowed the measurement of 
memory fidelity of items held in such cued or uncued states, 
as well as the relative contributions of distinct sources of 
influence on their recall. The use of continuous stimuli ena-
bled us to explore the effects of dropping an uncued memory 2 For alternative interpretations, see Schneegans and Bays (2017) and 

Stokes et al. (2020).
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item from an attended state on memory, which is more sensi-
tive to detecting subtle biases and the sources of variability 
in recall than other paradigms such as recognition of cat-
egorical stimuli. Specifically, we used computational mod-
eling to separate memory errors into precision (defined as 
the standard deviation of errors), guess rate (defined as the 
likelihood that the participant had no memory trace for the 
target item), and swap error rate (defined as the likelihood a 
response reflects the uncued memory item; also known as a 
binding error) (Peters et al., 2019). We predicted that preci-
sion would be worse and guess and swap error rates would 
be higher for recall-2-switch trials, in which the initially 
uncued item was cued for recall on the second test, com-
pared to recall-1 and recall-2-stay trials. Bias analyses were 
examined with the mixture model results in an attempt to 
elucidate the source of differences between cued and uncued 
items on these parameters. We had no a priori hypotheses 
about the direction of bias (repulsion or attraction) or differ-
ences between the conditions. The main hypothesis regard-
ing bias was that if no-longer-relevant items were actively 
deleted, then bias should be less on recall 2 than on recall 1 
responses. Any contrary evidence would call for a revision 
to the active-deletion hypothesis.

Experiment 1

Method

Participants Forty-one (Mage = 19.1 years, range = 18–35 
years, 27 female) right-handed students with normal or cor-
rected-to-normal vision were recruited to participate in the 
experiment. Participants provided informed consent (Institu-
tional Review Board (IRB) protocol 17-02-3629) and were 
remunerated with cash or course credit (US$15 or 1 credit/h). 
Data for six participants were unavailable (three withdrew 

after screening, three due to technical errors); analyses were 
conducted on the remaining 35 participants’ data.3

WM task Participants were seated approximately 37 cm (n 
= 19) or 57 cm (n = 16) away from a 24-in. ASUS com-
puter monitor with 1,920 × 1,080 resolution and a 60-Hz 
refresh rate. The task and stimuli were generated and run in 
MATLAB using the Psychophysics Toolbox V3.0 (Brain-
ard, 1997; Kleiner et al., 2007; Pelli, 1997). Responses were 
given using the “1” and “2” buttons on the T9 number pad of 
a standard QWERTY keyboard to freely rotate the presented 
recall stimulus counterclockwise or clockwise, respectively.

Stimulus details Central fixation was identified by a white 
circle with an outer radius of a quarter pixel and an inner 
radius of an eighth pixel. The experimental stimuli consisted 
of two sine-wave gratings (i.e., Gabor patches) with a diam-
eter of 2°, spatial frequency of 2 cycles/°, a phase of 0, and 
a Michelson contrast of 100%. The orientations were sepa-
rated into seven distinct orientation bins with centers of 13°, 
39°, 65°, 91°, 117°, 143°, and 169°, with each bin containing 
the same number of orientations. For a given trial, orienta-
tions were selected pseudo-randomly from these bins with 
a jitter of ± 5°, and the two stimuli in a given trial varied by 
more than 10°.

Location of stimulus presentation in the lower left and 
right visual hemifields was matched to phosphene localiza-
tions acquired from participants in an ongoing TMS study 
to target the early visual cortex (V1/V2). The retrocues con-
sisted of circular outlines surrounding the locations where 
the stimuli were presented. The cued item was outlined by a 
bold (.5°) white circle; the non-cued item was outlined by a 

Fig. 1  Double-retrocue task design. Gabor-stimuli were simultaneously 
presented in the lower-right and lower-left visual hemifield. Following 
a delay, a bold white outline at the stimulus location served as the ret-
rocue (with 100% validity). Following delay 2, a random Gabor patch 
was presented at central fixation and participants rotated the patch to 
match the cued orientation. After submitting their response and receiv-

ing feedback, either the same stimulus was cued again (“stay” trial), or 
the originally uncued-stimulus was cued (“switch” trial) for the second 
recall test and feedback. Note that feedback was provided by turning the 
fixation cross green, yellow, or red for 15°, 15–30°, or >30° of error, 
respectively. The red and blue borders were not shown; they depict the 
recall-1, recall-2-stay, and recall-2-switch conditions, respectively

3 Data from six of the participants who were assigned to the sham 
rTMS condition are included because their performance was unaf-
fected by TMS.
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non-bold (0.15)° light-grey circle. Presenting circles at the 
locations of both the cued and uncued items was necessary 
to avoid selectively “pinging” the cued item with a visual 
impulse (Wolff et al., 2017).

Phosphene localization procedure The locations where 
stimuli were presented was determined by an ongoing rTMS 
study in which a different set of participants first underwent 
a phosphene localization and thresholding procedure in a 
dark room to determine if they could reliably see a circular-
shaped phosphene in the lower-right visual field when hold-
ing central-fixation from single-pulses of TMS applied to 
left, early-visual cortex (V1/V2). If so, the TMS intensity at 
which a phosphene was induced in five out of ten trials was 
determined following established procedures (Abrahamyan 
et al., 2011; Rademaker et al., 2017). Then TMS intensity 
was set to 110% of the phosphene threshold, single pulses 
were applied at the localized area, and, following each pulse, 
participants were instructed to use the computer mouse to 
trace an outline of the perceived phosphene onto the black 
computer screen with a gray, central-fixation cross using 
custom MATLAB/PsychToolbox code.

Following the drawing of at least ten outlines, each outline 
was fit to an ellipse using the fitellipse function, the centroid 
of each ellipse was calculated, and the median centroid value 
(in X and Y screen-pixel coordinates) was recorded. These 
coordinates were used to determine the location at which the 
center of the right Gabor-orientation-patch was presented for 
the WM task. The left Gabor patch was presented in the con-
tralateral visual field from these coordinates; the right Gabor 
patch was presented in the mirroring side of the visual field. 
Therefore, stimuli locations were individually determined 
and unique for each participant in the ongoing rTMS study. 
For the purposes of this behavioral-only, control experi-
ment, different participants were randomly matched to the 
stimuli-locations determined for participants who completed 
the phosphene localization task and the rTMS version of the 
experiment in order to assess the potential impact of stimu-
lus-location variability on performance. That is, participants 
in this behavioral-only, control study did not receive TMS; 
the locations at which stimuli were presented for a participant 
were matched to those that were generated for a correspond-
ing participant in the rTMS experiment.4

Task procedure A white fixation circle was presented on 
a black screen at the beginning of each trial for 2 s and 
remained on the screen throughout stimulus and cue pres-
entation (Fig. 1). Gabor patches were presented for .2 s in 
the lower visual-hemifield, one in the right-hemifield and 
the other symmetrically mirrored in the left-hemifield 
according to the locations determined by the phosphene-
localization procedure described in the preceding section. 
After a 2-s delay, the first retrocue was presented for .5 s. A 
2.5-s delay followed the cue before a random Gabor orienta-
tion was presented in the center of the screen. Participants 
were instructed to rotate the orientation to match the ori-
entation of the cued-stimulus. Once the response was sub-
mitted, feedback was displayed at central-fixation for 0.3 s. 
Responses that were within 15°, 15–30°, or >30° away from 
the target turned the fixation cross green, yellow, or red, 
respectively.5 Following the first feedback, a second retrocue 
was displayed for .5 s. This retrocue could signal that either 
the same stimulus would be tested a second time (a “stay” 
trial) or that the originally uncued stimulus would be tested 
(a “switch” trial). Trials were balanced so that there was 
an equal number of stay and switch trials in each block. A 
random Gabor patch was once again presented in the center 
of the screen after the 2.5-s delay, and participants rotated 
the Gabor patch to match the stimulus cued by the second 
retrocue. Feedback was once again given following the sec-
ond recall response. Each block consisted of 56 trials, and 
participants completed 2-3 blocks in each session.

Data quality checks For the average accuracy analysis, in 
order to identify potential outliers in the data, for each recall 
condition per participant, the errors were first converted to 
z-scores, and any z-score > 3 or < −3 was removed from 
the data set. Since these responses were significant outliers, 
they likely reflect cases in which participants had no memory 
representation for the target item and resorted to guessing. 
Therefore, removing these responses before the average accu-
racy analysis enabled us to get a more accurate measure of 
memory performance. A total of 1.3% of the responses was 
removed (212 out of a total of 15,770 responses), and no more 
than 14 trials were removed from any recall condition for an 
individual participant. The analysis of errors was conducted 
on the non-z-score converted data as the circular deviation of 
the recalled orientation from the target orientation in degrees. 
The boxplot function in R Studio was then used across all 
participants to determine any outliers in the dataset (defined 4 The degree of visual angle varied from a mean of 10.6° from central 

fixation (Median = 10°, SD = 4.1°). To assess the impact of this varia-
bility on the data, we conducted several Pearson's correlations between 
the degree of visual angle and our dependent variables. There were 
no significant correlations between degree of visual angle and any of 
the dependent variables reported here (rs < .16, n.s.). There were sig-
nificant negative correlations between visual angle and mean response 
times for recall 1 (r = -.44) and recall 2 (r = -.38), but response time 
analyses were not the focus of the hypotheses tested here, so variabil-
ity in degree of visual angle was not considered further.

5 While feedback effects on recall-2-stay trials could complicate the 
interpretation of the results, analyses comparing recall-1 and recall-
2-stay trials showed that the effects of feedback were minimal and 
did not substantially alter interpretation of the observed biases (see 
Online Supplemental Material (OSM) Figs. 2 and 3).
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as 1.5 times the interquartile range above or below the third or 
first quartiles, respectively); two participants were determined 
to be outliers and removed from the error analysis comparing 
behavioral performance across recall conditions. Thus, data 
from 33 participants were used in the behavioral analyses.

For the mixture model analyses, all trials for the remaining 
participants were included (even the trials previously identi-
fied by the z-score analysis as outliers) because the models 
attempted to separate errors by different parameters, so were 
able to account for outliers. One participant had an implausible 
recall-2-switch precision parameter (3.27E+28), suggesting that 
the mixture model failed to fit the data. Therefore, parameter 
values for this participant were not included in the group level 
analysis, leaving data from 32 participants to be included in the 
mixture model analyses. A mixed-design ANOVA showed that 
the interaction between performance on the three recall condi-
tions and viewing distance was not significant (F(2,62) = 0.71, 
p = 0.50). Moreover, the correlations between performance and 
degrees of visual angle were not significant for any of the three 
recall conditions, rs = 0.05, 0.04, and 0.05, respectively, ps > 
0.25. For the nontarget bias analysis, we included all trials, but 
removed the data of the two participants previously deemed 
outliers as in the average accuracy analysis.

Data analysis R Studio was used to perform all of the sta-
tistical tests on the model parameters and comparisons. The 
normality of the distribution of recall errors for each condi-
tion was assessed using a log10 transformation and Shapiro-
Wilks tests, which confirmed normality (ps > 0.1442, see 

Fig. 2). For all analyses, two-tailed, Bonferroni-corrected 
t-tests were used, unless stated otherwise.

Errors were calculated as the circular difference between 
the target orientation and the response orientation, accord-
ing to the von Mises distribution. The difference between 
the nontarget orientation (i.e., the uncued orientation) and 
the response was also calculated for the mixture modeling to 
determine the influence that the nontarget had on the response.

Mixture model analyses Mixture modeling was conducted 
on the errors using the MemToolbox (Suchow et al., 2013). 
The models were used to parameterize memory precision 
and the proportion of responses in which the participant 
likely guessed or committed a binding error. We plotted 
the response errors centered around the target response of 0 
error. The Standard Mixture Model (Zhang & Luck, 2008) 
was compared to the Swap Model (Bays et al., 2009). The 
Standard Mixture Model used the distance of a response 
from the target value to determine both the probability that 
the error reflects the precision (reflected by SD) of the par-
ticipant’s memory for the target item and the probability 
that the response was a random guess (reflected by the uni-
form distribution called the guess rate, or g parameter). This 
model uses the following equation when fitting the data:

where % serves as the target value (in radians), "̂ serves as the 
response value, & serves as the frequency of random guesses,

(1)p
(

"̂
)

= (1 − #)$%

(

"̂ − "
)

+ #
1

2&

Fig. 2  Experiment 1: The frequency of recall errors and the standard 
deviation (SD, i.e., memory precision) in degrees relative to the tar-
get orientation for each condition (recall-1, recall-2-stay, and recall-
2-switch) for all trials and all participants. Memory precision was 
similar for recall-1 and recall-2-stay trials, while recall-2-switch trials 

were less precise. Note that, by design, recall-1 had twice as many tri-
als as recall-2-stay and recall-2-switch trials; also note the lack of any 
systematic bias to the left (negative degrees, i.e., counterclockwise) 
or right (positive degrees, i.e., clockwise) of the target orientation
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and '( serves as the circular analogue of the Von Mises 
distribution (mean = 0, SD = ().

The Swap Model (Bays et al., 2009) includes the same 
precision and guess rate parameters as well as a third param-
eter, the swap error rate, which reflects the probability that a 
response reflects a memory for the nontarget item. By taking 
the accuracy of the response relative to the nontarget item 
into account, the swap error rate indicates the probability 
that the participant recalled the uncued item rather than the 
cued item. The Swap Model is described by the equation:

where ) serves as the probability of a swap error and
{%1*,%2*,...%m*} are the m nontarget line orientation values 
(Bays et al., 2009).

The responses for each recall condition (recall-1, recall-2-
stay, and recall-2-switch) were modeled separately for each 
participant to see how memory changed when items were 
switched from an unprioritized- to a prioritized-state within-
subjects design. The fits of each model were compared using 
the Akaike Information Criterion (AIC).

Nontarget bias analyses To assess the influence of the nontar-
get (uncued) orientation on recall of the target orientation we 
calculated and compared the amount of response bias relative 
to the nontarget on each of the three recall conditions for both 
the average amount of bias and as a function of the degree of 
difference between the target and nontarget orientations. Posi-
tive or negative error value indicates whether the response was 
biased away from the nontarget (“repulsion”) or toward the 
nontarget (“attraction”), respectively. We performed Bonfer-
roni-corrected t-tests on the average error relative to the non-
target across all trials to compare the amount of bias between 
the three recall conditions (using paired-sample t-tests) and 
for the average of bins of trials with small, medium, or large 
differences between the target and nontarget orientations 
(using one-sample t-tests vs. zero, i.e., no bias).

Results

The distributions of recall errors relative to the to-be-
remembered target orientation on recall-1, recall-2-stay, and 
recall-2-switch trials for all participants are shown in Fig. 2.

To determine the consequences of holding informa-
tion in an unprioritized state, we compared the average 
accuracies across the three recall conditions (recall-1, 
recall-2-stay, and recall-2-switch trials) as the absolute 
value of recall error (in degrees). Recall error was higher 
on recall-2-switch trials (M = 22.7, SD = 8.06) than on 
both recall-1 (M = 14.2, SD = 5.19; t(32) = -14.68, p < 
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.001) and recall-2-stay trials (M = 14.6, SD = 5.77; t(32) 
= -13.50, p < .001), but there was no difference between 
recall-1 and recall-2-stay trials (t(32) = -0.69, p = 0.50) 
(OSM Fig. 1). These results support our hypotheses that 
shifting a memory item into an unattended state weakened 
the fidelity of memory for that item compared to items 
maintained in an attended state. We then conducted mix-
ture model analyses on the data in order to better under-
stand the source(s) of the differences.

Mixture modeling

Model preference We first compared the two mixture 
models to determine which of the models was a better fit 
to the data. We performed a Wilcoxon signed-rank test 
on the difference in the AIC values between the Stand-
ard Mixture Model and the Swap Model for all partic-
ipants (as in Bays & Taylor, 2018). The Swap Model 
was preferred over the Standard Mixture Model for all 
three recall conditions: recall-1 (ΔM = 15.33, p < .001); 
recall-2-stay (ΔM = 6.77, p < .01); and recall-2-switch 
(ΔM = 9.45, p < .01).

Parameter differences To determine the effects of shifting 
attention between items, we compared the error parameters 
from the Swap Model across the three recall conditions 
(recall-1, recall-2-stay, and recall-2-switch). Three Bonfer-
roni-corrected, two-tailed (unless stated otherwise) paired 
t-tests were performed for each parameter to compare all 
three recall conditions.

Precision As predicted, there was a statistically significant 
increase in the precision parameter (indicating less preci-
sion) on recall-2-switch trials compared with both recall-1 
trials (t(31) = -5.64, p < .01) and recall-2-stay trials (t(31) 
= -5.61, p < .01). There was no significant difference in the 
precision parameter between recall-1 trials and recall-2-stay 
trials (t(31) = -0.70, p = 0.49, Fig. 3A).

Guess rate The guess rate was higher for recall-2-switch tri-
als than for both recall-1 trials (t(31) = -7.34, p < .001) and 
recall-2-stay trials (t(31) = -5.26, p < .001), and there was 
no significant difference between recall-1 and recall-2-stay 
trials (t(31) = -1.94, p = 0.06, Fig. 3B).

Swap error rate As predicted, the estimated swap error rate 
was higher on recall-2-switch trials than on both recall-1 
and recall-2-stay trials (ts(31) = -6.25 and -4.83, ps < .01 
and .017, respectively);6 the difference in swap error rate 

6 Note that these are one-tailed t-tests because of our a priori hypoth-
esis that swap errors would increase on recall-2-switch trials.
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between recall-1 and recall-2-stay trials did not survive Bon-
ferroni correction (t(31) = -2.18, p = 0.04, Fig. 3B).

Overall, these data support our hypotheses that holding an 
item in a deprioritized state results in worse memory fidel-
ity for that item and also increases the commission of swap 
errors. This also increased the number of guesses.

Nontarget bias analysis: repulsion and attraction 
effects To elucidate the source of the differences between 
the recall conditions we investigated the role that the 
nontarget played in biasing response errors and how this 
bias changed across the recall conditions. We performed 
Bonferroni-corrected paired t-tests on the average error 
with bias across the three recall conditions. In contrast 
to the active-deletion hypothesis, there was no difference 
in repulsive bias between recall-1 and recall-2-stay trials 
(t(32) = 0.15, p = 0.88), and there was less repulsive bias 
on recall-1 than recall-2-switch trials (t(32) = 3.52, p < 
0.005). There was also more repulsive bias on recall-2-
switch versus stay trials despite the fact that the uncued 
item was no longer relevant during recall 2 for both stay 
and switch trials (t(32) = -3.00, p < 0.01, Fig. 4).

To further elucidate the source of bias on recall, we cal-
culated the amount of bias as a function of the difference 
between the target and nontarget orientations. The purpose 
of this analysis was to assess whether the amount of bias that 
the uncued (nontarget) item had on recall of the cued (target) 
item depended on the similarity between the target and non-
target. Trials were binned around three orientation differences 
centered around relatively small (~25°), medium (~50°), and 
large (~75°) differences between the target and nontarget 

orientations.7 The amount of bias on recall-1 and recall-2-
stay trials was not significantly different from zero for the 
25°, 50°, or 75° bins (ps > .05). For recall-2-switch trial, there 
was significant repulsion from the nontarget orientation when 
there were small or medium differences between the target 
and nontarget (ps < .01), but the amount of bias was not sig-
nificant when there were large (~75°) differences between the 
target and the non-target (p = .69, Fig. 5). As discussed below, 
current neurocomputational models of visual WM posit that 
lateral inhibition mechanisms could drive repulsive bias seen 
between similar items (Johnson et al., 2009).

Are differences in precision, guess, and swap parameters 
due to bias? Finally, an exploratory correlational analysis 
was done to see if the poorer precision, guess, and swap 
error parameters on recall-2-switch trials that were observed 
(Fig. 3) were associated with the increase in repulsive bias 
that was observed on these trials (Figs. 4 and 5). Partici-
pants’ precision parameter and their average bias on recall-
2-switch trials were positively correlated (r = .41, p = 
.02), indicating that those with poorer memory precision 
had greater repulsive bias; in contrast, participants’ guess 
and swap parameters were not correlated with their average 

Fig. 3  Experiment 1: Average swap model parameter values. A The 
average precision parameter in degrees for the three recall conditions 
(lower values indicate better precision). Memory was less precise for 
recall-2-switch trials compared to both recall-1 and recall-2-stay tri-
als. B The average guess rate and average swap error rate parameters 

for the three recall conditions (higher values indicate more guess or 
swap errors). Both the average guess rate and average swap error rates 
were higher for recall-2-switch trials compared to both recall-1 and 
recall-2-stay trials. Error bars reflect ±1 standard error of the mean; 
*p < 0.001

7 Recall that the minimum difference between the target and non-
target orientations was necessarily greater than 10. These three bin 
windows were created so that each bin represented the same range of 
orientation differences (e.g., the 25° bin includes trials in which the 
difference between the two orientations was between 14° and 36°), 
while ensuring an equal distribution of trial counts around the bin 
centers, and similar trial counts between the bins.
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amount of bias (rs = .04 and -.29, ps = .83 and .11), indi-
cating that the increase in guess and swap errors was not 
associated with the increase in bias on recall-2-switch trials. 
Also note that recall of nontargets (swap errors) would result 
in an attractive bias – not the observed repulsive bias that 
differed depending the degree of target-nontarget similarity.

Discussion

Compared to actively maintaining and recalling a cued item 
in WM, passively retaining and then returning an uncued 
item back into focal attention resulted in decreases in recall 
precision (which was associated with the degree of bias from 

Fig. 4  Experiment 1: Average response error bias from the nontarget item 
for each trial condition. Responses were calculated based on whether 
errors were committed away from (greater than 0, i.e., repulsion) or closer 
to (less than 0, i.e., attraction) the orientation of the nontarget item and 

averaged for each trial condition. Average bias from the nontarget was not 
significantly different from 0 for recall 1 and recall-2-stay trials (ps>.05). 
Average bias was greater for recall-2-switch trials than for both recall-1 
and recall-2-stay trials. Error bars reflect 1 SEM, *p < 0.001

Fig. 5  Experiment 1: Average response error bias as a function of dis-
tance between orientation stimuli. Response errors were calculated as 
the degree of difference from the target orientation towards (negative) 
or away from (positive) the nontarget item, and the average response 
bias across participants was plotted for each recall condition. Bins 
were created using trials in which the difference between the stimuli 

were ± 11.5° from 25°, 50°, and 75°, respectively. In contrast to the 
active-deletion hypothesis, there was no difference in bias between 
recall-1 and recall-2-stay trials; recall-2-switch trials had significantly 
more bias than both recall-1 and recall-2-stay trials, especially when 
the target and nontarget orientations were more similar (see Results 
section). Error bars reflect ±1 standard error of the mean
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the nontarget orientation), and increases in the probability 
that the participant guessed or recalled the nontarget item. 
These findings are consistent with hypotheses that internal 
attention can select one of multiple items in WM to prior-
itize its retention and recall over other items, and that items 
dropped from focal attention can be passively retained and 
reactivated when needed, via error-prone retrieval processes 
(see also LaRocque et al., 2015; Peters et al., 2019).

The key finding is that, contrary to the hypothesis that no-
longer-relevant items are actively deleted from WM, these 
items persisted and biased recall of the target item held in 
focal attention, especially when the target and no-longer-rel-
evant items were similar to one another. Moreover, recall-1 
trials showed the same amount of bias as recall-2-stay trials 
and less bias than recall-2-switch trials, which contradicts the 
pattern predicted by the active-deletion hypothesis. Following 
the second retrocue, the uncued item was no longer relevant 
and, therefore, according to the active-deletion hypothesis, it 
should have been deleted from WM and should have resulted 
in less bias for responses on recall-2-stay and recall-2-switch 
trials. The present results suggest that no-longer-relevant items 
were not deleted from WM following the second retrocue.

One potential explanation for this pattern of results is that, 
when trying to remember the two line orientations, partici-
pants may have encoded the two distinct orientations as one 
“chunked” representation. Participants could have bound the two 
distinct orientation objects into one chunked representation, with 
both orientations bound together as an angle or clock hands, for 
example. Anecdotal evidence from post-experimental debrief-
ing of our participants is consistent with this interpretation. 
Although the two Gabor orientations were presented separately 
in the lower left and right hemifields, many participants reported 
encoding the two as a bound object, (e.g., an angle by projecting 
the lines out to their intersecting point, like the hour and minute 
hands on an analog clock). Encoding the two objects as a bound 
object would change the way the relevant and irrelevant features 
are represented. If two stimuli retained in WM are bound or 
“chunked” into a single object, then it may not be possible to 
fully delete the no-longer-relevant item from WM following a 
retrocue. This might explain the pattern of results, which differs 
from paradigms with retrieval of more discrete (e.g., categorical) 
stimuli that cannot be as easily bound into a single object, such 
as a face paired with either a word or a direction of motion, as 
in Rose et al. (2016) (see also Fulvio & Postle, 2020). To test 
this account of the biases from the no-longer-relevant stimulus 
a second experiment was conducted.

Experiment 2

Experiment 2 used the same task design as Experiment 1. 
The only difference was that we explicitly instructed par-
ticipants to bind or “chunk” the two orientations together on 

each trial by mentally connecting the line orientations into 
one bound object. We told participants to imagine the line 
orientations’ point of intersection and think about the two 
orientations as an angle or hands of a clock. If the source 
of the bias from the no-longer-relevant item on recall of the 
target item that was observed in Experiment 1 was due to 
this binding at encoding, then the pattern of results should 
be similar for Experiment 2. If the pattern is not similar then 
the source of bias must be due to some other factor.

Method

The method for Experiment 2 was identical to Experiment 
1 except that, during the practice, participants were read 
the following instruction: “In order to store the orientations 
of the two gratings, visualize them as the hands of a clock; 
project the lines out to their point of intersection and remem-
ber them as an angle like the hands of the clock. This might 
help you to remember them more easily.” All other methods 
remained the same as Experiment 1, including the viewing 
distance and stimulus locations.

An a priori power analysis indicated that the minimum 
sample size needed to attain an effect size as large as the 
effect reported in Experiment 1 (effect size d = 0.61) was N 
= 31 with 95% power and α = .05.

Participants Thirty-three (Mage = 18.94 years (SD = 1.41), 
range = 18–26 years, 22 female) right-handed students with 
normal or corrected-to-normal vision participated in the 
experiment. Participants provided informed consent (IRB 
protocol 17-02-3629) and were remunerated with cash or 
course credit (US$15 or 1 credit/h).

Data quality checks As in Experiment 1, for the average 
accuracy analysis, in order to identify potential outliers in 
the data, for each recall condition per participant, the errors 
were first converted to z-scores and any z-score >3 or <−3 
was removed from the data set. Because these responses 
were significant outliers, they likely reflect cases in which 
participants had no memory representation for the target 
item and resorted to guessing. Therefore, removing these 
responses before analysis enabled us to get a more accurate 
measure of memory performance. A total of 1.6% responses 
were removed (233 out of a total of 14,336 responses), and 
no more than seven trials were removed from any recall con-
dition for an individual participant. The analysis of errors 
was conducted on the non-z-score converted data as the cir-
cular deviation of the recalled orientation from the target 
orientation in degrees. The boxplot function in R Studio was 
then used across all participants to determine any outliers 
in the dataset for each recall condition (defined as 1.5 times 
the interquartile range above or below the third or first quar-
tiles, respectively). One participant was determined to be an 
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outlier, and the error analyses were conducted on the remain-
ing 32 participants’ data.

For the mixture model analyses, all trials for the 
remaining participants were included (even the trials 
previously identified by the z-score analysis as outli-
ers) because the models attempted to separate errors by 
different parameters, so were able to account for data 
points (e.g., swap errors) that may appear as outliers. 
For the nontarget bias analysis, we included all trials as 
in the average accuracy analysis (except those from the 
excluded outlier subject).

Nontarget bias analysis The analysis of the effect of the 
nontarget memory item on the recall of the target item 
was approached in the same way for Experiment 2 as in 
Experiment 1, but the difference between the experiments 
required a change in how we calculated the difference 
between the nontarget memory item and the response. The 
Gabor orientations used in these experiments are bidirec-
tional (which means 0° and 180° are perceptually identi-
cal) rather than unidirectional (such as teardrops or lines 
with an arrowhead). In Experiment 1, because the two 
stimuli were assumed to be encoded independently and 
were bidirectional, the differences between the nontarget 
and the response orientations were calculated based on 
the smallest angular difference between them, so errors 
could not be greater than 90° (meaning, we assumed that 
the side of the response orientation that was closest to the 
stimulus was the side the participants used when making 
their response).

Because Experiment 2 instructed participants to 
bind the two stimuli together at the intersecting vertex, 

the Gabor orientations would have directional informa-
tion associated with them; participants would have been 
maintaining and responding to angles that were sometimes 
obtuse (larger than 90°). Therefore, for Experiment 2 the 
difference between the nontarget and response orienta-
tions must be calculated based on the bound angle that 
the participants were instructed to attend to and maintain, 
not the smallest possible angle between the target and 
nontarget stimuli. Thus, the bias analysis was conducted 
with six bins to span the full 180° space from small to 
large differences between the orientations, rather than 
three bins to span 0–90° as was done in Experiment 1. 
As a result, some errors that would have been considered 
attractive in Experiment 1 were calculated to be repulsive 
in Experiment 2, and vice versa. Note that we recalculated 
the differences between the nontarget and the response 
orientations on each trial from Experiment 1 according 
to this scheme in order to assess the extent to which this 
affected the bias analyses. Doing so did not substantially 
alter the pattern of results or the main conclusions (see 
OSM Figs. 4 and 5).

Results

The distributions of recall errors relative to the to-be-
remembered target orientation on recall-1, recall-2-stay, and 
recall-2-switch trials for all participants are shown in Fig. 6. 
The same series of analyses were conducted for Experiment 
2 as in Experiment 1. Then, to determine the consequences 
of holding information in an unprioritized state when the 
information is a feature bound to another feature, we report 

Fig. 6  Experiment 2: The frequency of recall errors and the standard devi-
ation (SD, i.e., memory precision) in degrees relative to the target orienta-
tion for each condition (recall-1, recall-2-stay, and recall-2-switch) for all 
trials and all participants. Memory precision was similar for recall-1 and 

recall-2-stay trials, while recall-2-switch trials were less precise. Note that, 
by design, recall-1 had twice as many trials as recall-2-stay and recall-2-
switch trials; also note the lack of any systematic bias to the left (negative 
degrees) or right (positive degrees) of the target orientation
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the analyses that directly compared the results between 
Experiments 1 and 2. For all analyses, two-tailed, Bonfer-
roni-corrected t-tests were used, unless stated otherwise

We first compared the average absolute value of recall error 
(in degrees) across the three recall conditions (recall-1, recall-
2-stay, and recall-2-switch trials). As in Experiment 2, recall 
error was higher on recall-2-switch trials (M = 19.3, SD = 
7.34) than on both recall-1 (M = 12.4, SD = 4.42; t(31) = 
-7.86, p < .001) and recall-2-stay trials (M = 14.5, SD = 5.20; 
t(31) = -7.45, p < .001). These results support our hypothesis 
that shifting a memory item into an unattended state weak-
ened the fidelity of memory for that item compared to items 
maintained in an attended state. However, recall error was 
also higher on recall-2-stay than on recall-1 responses (t(31) = 
-3.00, p < 0.01), which contrasts with the result in Experiment 
1. Next we conducted mixture model analyses on the data in 
order to better understand the source(s) of the differences.

Mixture modeling

Model preference We first compared the two mixture models 
to determine which of the models was a better fit to the data. 
We performed a Wilcoxon signed-rank test on the difference 
in the AIC values between the Standard Mixture Model and 
the Swap Model for all participants (as in Bays & Taylor, 
2018). As in Experiment 1, the Swap Model was preferred 
over the Standard Mixture Model for all three recall condi-
tions: recall-1 (ΔM = 10.81, p < .001); recall-2-stay (ΔM 
= 5.57, p < .01); and recall-2-switch (ΔM = 7.1, p < .01).

Parameter differences To determine the effects of shifting 
attention between items, we compared the error parameters 
from the Swap Model across the three recall conditions 
(recall-1, recall-2-stay, and recall-2-switch). Three paired 
t-tests were performed for each parameter to compare all 
three recall conditions.

Precision Consistent with Experiment 1, there was a statis-
tically significant increase in the precision parameter (indi-
cating less precision) on recall-2-switch trials than recall-1 
trials (t(31) = -3.99, p < .01). In contrast to Experiment 
1, there was also a statistically significant increase in the 
precision parameter on recall-2-stay trials compared to 
recall-1 trials (t(31) = -4.55, p < .01), and there was no 
significant difference in the precision parameter between 
recall-2-stay trials and recall-2-switch trials (t(31) = -1.41, 
p = 0.17, Fig. 7A).

Guess rate Consistent with Experiment 1, the guess rate was 
higher for recall-2-switch trials than recall-1 trials (t(31) = 
-6.03, p < .001). In contrast to Experiment 1, the guess rate 
was higher for recall-2-stay trials than recall-1 trials (t(31) 
= -4.78, p < .001), and there was no significant difference 
between recall-2-stay and recall-2-switch trials (t(31) = 
-1.44, p = 0.16, Fig. 7B).

Swap error rate Consistent with Experiment 1, the esti-
mated swap error rate was higher on recall-2-switch trials 
than recall-1 trials (t(31) = -5.60 and -4.48, ps < .01);8 in 
contrast to Experiment 1, the estimated swap error rate was 
also higher on recall-2-stay trials than recall-1 trials (t(31) 
= -4.48, ps < .01), and the difference in the swap error rate 
between recall-2-stay and recall-2-switch trials was not sig-
nificant (t(31) = 0.61, p = 0.54, Fig. 7B).

Thus, the main difference between Experiments 1 and 2 
was poorer precision, guess, and swap error rates for recall-
2-stay trials. To elucidate the source of the differences 
between the recall conditions we investigated the role that 

Fig. 7  Experiment 2: Average swap model parameter values. A The aver-
age precision parameter in degrees for the three recall conditions (lower 
values indicate better precision). Memory was less precise for both recall-
2-switch and recall-2-stay trials compared to recall-1 trials. B The aver-

age guess rate and average swap error rate parameters for the three recall 
conditions. Both the average guess rate and average swap error rates were 
higher for both recall-2-stay and recall-2-switch trials compared to recall-1 
trials. Error bars reflect ±1 standard error of the mean; *p < 0.001

8 Note that, as in Experiment 1, these are one-tailed t-tests because 
of our a priori hypothesis that swap errors would increase on recall-
2-switch trials.
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the nontarget played in biasing response errors and how this 
bias changed across the recall conditions.

Nontarget bias analysis: repulsion and attraction effects The 
average response error relative to the nontarget for the three 
recall trial conditions is shown in Fig. 8. In contrast to 
Experiment 1, the average response error was not signifi-
cantly different from zero for all three conditions (t(31)s < 
1.44, p > 0.16), and there were no significant differences 
between the three conditions (t(31)s < 0.51, ps > 0.19).

However, the amount of bias varied as a function of the 
difference between the target and nontarget orientations. 
That is, the amount of bias that the uncued (nontarget) item 
had on recall of the cued (target) item depended on the simi-
larity between the target and nontarget. Trials were binned 
around six orientation differences centered around relatively 
small (25°) to large (150°) differences between the target and 
nontarget orientations (see Fig. 9). There were significant 
main effects of condition (F(2,62) = 9.754, p < 0.05) and 
bin (F(5,155) = 27.513, p < 0.001), and there was a signifi-
cant interaction between condition and bin (F(2, 5,310) = 
12.332, p < 0.001).

For recall-1 responses, there was not significant bias from 
the nontarget, except on trials with large (~150°) differences 
between the target and nontarget (M = 5.94, p < .001). For 
both recall-2-stay and switch trials, there was significant bias 
that was either repulsive when the target-nontarget differ-
ence was just clockwise of the cardinal axes (0° and 90°, i.e., 

~25° and ~100° bins, ps < .05) or attractive when the dif-
ference was just counterclockwise of the cardinal axes (90° 
and 180°, i.e., ~75° and ~150° bins, ps < .001, except for 
the 150° bin for recall-2-switch trials, Bonferroni corrected 
p = .12). When the target-nontarget difference was far from a 
cardinal axis (trials in the ~50° or ~125° bins) there was not 
significant bias for any recall condition (except for the 50° 
bin for recall-2-stay trials, p < .05). Recall-2-stay and recall-
2-switch trials did not significantly differ from one another 
in the amount or type of bias (repulsion vs. attraction) except 
on trials with small (~25°) differences between the target 
and nontarget (M = 6.33 vs. 2.77, p = .014). In sum, as in 
Experiment 1, the amount of bias from the nontarget was 
larger on recall 2 than recall 1 responses, which contradicts 
the active-deletion hypothesis.

Are differences in precision, guess, and swap parameters due 
to bias? As in Experiment 1, an exploratory correlational 
analysis was done to see if the poorer precision, guess, and 
swap error parameters on recall-2 stay and switch trials that 
were observed (Fig. 7) were associated with the increase in 
repulsive bias that was observed on these trials (Fig. 9). Par-
ticipants’ precision, guess, and swap parameters on recall-1, 
recall-2-stay, and recall-2-switch trials were not correlated 
with their average amount of bias on those trials (rs < .22, 
ps > .23), indicating that the increase in precision, guess and 
swap errors was not associated with the increase in bias on 
recall-2-stay or switch trials.

Fig. 8  Experiment 2: Average response error bias from the non-
target item for each trial condition. Responses were calculated 
based on whether errors were committed closer to (less than 0) 
or away from (greater than 0) the orientation of the nontarget 

item and averaged for each trial condition. All trials exhibited 
an attractive bias toward the nontarget item. Error bars reflect 
1 SEM; NS indicates a Non-Significant difference at p < .05 
(uncorrected)
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Discussion

The second experiment was conducted to test if the source 
of the bias from the no-longer-relevant orientation on recall-
2-switch trials in Experiment 1 was because participants 
had bound the two orientations together into one object, for 
example, as an angle or clock hands. If so, then the results of 
Experiment 2 should have been similar to those of Experi-
ment 1. The effects of the encoding manipulation were 
assessed by comparing the results between Experiments 1 
and 2 with between-group statistical tests. These compari-
sons showed that instructing participants to bind the orienta-
tions together had the following impacts:

The distributions of recall errors (SD) were reduced for 
recall 1 (from 22.5 to 17.97), recall-2-stay (from 22.7 to 
19.62), and recall-2-switch trials (from 32.7 to 27.59) (com-
pare Figs. 2 and 6). Chi-square tests showed that the reduc-
tions in the distribution of recall errors between Experiments 
1 and 2 were significant for each recall condition (recall-1: 
χ2 (17, N = 7,388) = 187.09, p < .01, recall-2-stay: χ2 (17, 
N = 7,388) = 74.57, p < .01, recall-2-switch: χ2 (17, N = 
7,388) = 352.59, p < .01).

To see if mean recall error differed between the two 
experiments for each condition, independent-samples t-tests 
were conducted on the absolute difference in recall from the 
target orientation. These showed that recall was better for 
Experiment 2 than Experiment 1 for recall-1 (t(63) = 2.04, 
p < 0.05) and recall-2-switch trials (t(63) = 1.98, p < 0.05), 
but not recall-2-stay trials (t(63) = 1.78, p > 0.05).

The mixture model fits were compared with independent 
samples t-tests on the mean AIC values for each condition. 
These showed that the model fits for each recall condition 
did not differ between Experiments 1 and 2 (recall-1: t(62) = 
1.26, p > 0.05, recall-2-stay: t(62) = 0.78, p > 0.05, recall-2-
switch: t(62) = 0.87, p > 0.05). This indicates that the swap 
model was preferred over the standard mixture model to a 
similar degree in both experiments for each recall condition.

However, whereas the precision, guess rate, and swap 
error rate parameters were unchanged for recall-1 and recall-
2-stay trials between Experiments 1 and 2, all three param-
eters improved for recall-2-switch trials (compare Figs. 3 and 
7). For recall-2-switch trials, there was significantly lower 
(meaning better) precision (t(62) = 2.18, p < 0.01), and there 
was a reduction in both swap error (t(62) = 2.43, p < 0.01) 
and guess rates (t(62) = 3.29, p < 0.01) in Experiment 2 com-
pared to Experiment 1.9 In contrast, for recall-1 and recall-2-
stay trials, there were no significant differences between the 
two experiments for any of the parameter estimates [recall-1: 
guess rate (t(62) = 1.73, p > 0.05), swap error rate (t(62) = 
1.20, p > 0.05, precision (t(62) = 0.10, p > 0.05)); recall-
2-stay: guess rate (t(62) = -0.31, p > 0.05), swap error rate 
(t(62) = -1.18, p > 0.05), precision (t(62) = -1.63, p > 0.05)].

Fig. 9  Experiment 2: Average response error bias as a function 
of distance between orientation stimuli. Response errors were 
calculated as the degree of difference from the target orientation 
towards (negative) or away from (positive) the nontarget item, and 
the average response bias across participants was plotted for each 
recall condition (Note that Experiment 1 data was reanalyzed using 

the six-bin method from Experiment 2 in order to facilitate cross-
experiment comparisons. See Bias calculation and OSM Fig. 5 for 
a more detailed explanation and rationale). Bins were created using 
trials in which the difference between the stimuli were ± 11.5° 
from 25°, 50°, 75°, 100°, 125°, and 150°, respectively. Error bars 
reflect ±1 standard error of the mean

9 These results, particularly the decrease in swap error rates, suggest 
that the participants did indeed follow instructions and bind the two 
orientations as one object, resulting in a lower frequency of binding 
errors between each orientation and its location.
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With regard to the analyses of the bias from the nontarget 
orientation on recall of the target orientation, the overall 
bias, averaged across trials with small to large differences 
between the target and nontarget orientations, was no longer 
significant (compare Figs. 4 and 8). However, the amount 
and type of bias (repulsive vs. attractive) differed on trials 
as a function of the degree of difference between the target 
and nontarget orientations. Bias changed from having more 
bias for recall-2-switch than both recall-2-stay and recall-1 
in Experiment 1 (especially for trials with similar target-
nontarget differences), to having more bias for both recall-
2-switch and recall-2-stay than recall-1 in Experiment 2. 
Additionally, the nature of bias in Experiment 2 appeared to 
switch between repulsion and attraction depending on how 
close the target-nontarget difference was to the cardinal car-
tesian axes (0°, 90°, 180°) (compare Figs. 5 and 9).

Formally testing for differences in the bias effects between 
the two experiments was complicated by the fact that, in 
Experiment 1, the target-nontarget difference between the 
non-directional orientations spanned from 0° to 90°, with 
average bias measured within three orientation bins (25°, 
50°, and 75° ± 11.5°). In Experiment 2, because partici-
pants were to bind the orientations together as segments 
of an angle, the target-nontarget difference in orientations 
spanned from 0° to 180°, so average bias had to be measured 
within six orientation bins (25°, 50°, 75°, 100°, 125°, and 
150° ± 11.5°). We first compared bias between the experi-
ments for the 25°, 50°, and 75° bins for each recall condition 
with independent samples t-tests. For trials with relatively 
small target-nontarget differences (25° ± 11.5°), there was 
no difference in bias between Experiments 1 and 2 for each 
recall condition (ts(63) < 2.78, ps > 0.064). For trials with 
medium (50° ± 11.5°) target-nontarget differences, recall-1 
and recall-2-stay did not show a significant difference in 
bias between Experiments 1 and 2 [recall-1: t(63) = -1.13, 
p = 1.000; recall-2-stay: t(63) = 2.10, p = 0.357]; recall-2-
switch showed repulsion in Experiment 1, but attraction in 
Experiment 2 (t(63) = 3.78, p = 0.003). For trials with large 
(75 ± 11.5°) target-nontarget differences, bias was not differ-
ent between the experiments for recall-1 (t(63) = 0.35, p = 
1.000). For both recall-2-stay and recall-2-switch trials there 
was more attractive bias in Experiment 2 than in Experiment 
1 [recall-2-stay: t(63) = 6.49, p < 0.001; recall-2-switch: 
t(63) = 6.07, p < 10.001].10

To summarize the results from Experiment 2 and their 
comparison to those from Experiment 1, there was still the 

greatest bias from the nontarget orientation on recall of the 
target (repulsive or attractive) when it was no longer relevant 
(on recall-2-stay and switch trials) even though, according 
to the active-deletion hypothesis, the nontarget should have 
been removed from WM and exerted less bias on recall-2 
than recall-1 trials. This bias was observed on trials when 
the target-nontarget difference was just clockwise or coun-
terclockwise of the cardinal axes. When the target-nontarget 
difference was far from the cardinal axes, recall showed no 
bias from the nontarget orientation. While differences in the 
data between Experiment 1 and Experiment 2 suggest that 
binding the two stimuli was not the only source of bias in the 
Experiment 1 data, the pattern of results from Experiment 2 
nonetheless provides further evidence for the need to revise 
the active-deletion hypothesis.

General discussion

The purpose of this study was to test the active-deletion 
hypothesis – that no-longer-relevant/nontarget information 
is actively deleted from WM so that it does not interfere with 
memory for relevant/target information in WM. The main 
finding that was observed is that the strongest amount of bias 
on recall of a target orientation maintained in WM was from 
a no-longer-relevant/nontarget orientation that, according to 
the active-deletion hypothesis, should have been removed 
from WM. Following Experiment 1, we hypothesized that 
this bias was present because participants may have been 
binding the two orientations together into one object so that, 
when the nontarget orientation was cued as no longer relevant 
on the trial, it may not have been possible to actively delete 
the nontarget orientation from WM. To test this hypothesis, 
we conducted a second experiment in which we explicitly 
instructed participants to bind the two orientations together 
and think of them as two line segments in an angle as in the 
hour and minute hands of an analog clock. Once again, the 
amount of bias on WM recall was strongest from the non-
target item that, according to the active-deletion hypothesis, 
should have been deleted. This strengthens confidence in the 
main conclusion from Experiment 1 – that no-longer-rele-
vant items (orientations), that should have been deleted from 
visual WM, were not removed from WM – they continued 
to exert bias on WM performance even when they become 
irrelevant for ongoing cognition. These results call for a revi-
sion to the active-deletion hypothesis and models of WM.

Relation to prior research

One previous study utilized a task design with some simi-
larities (and some important differences) and also showed 
a repulsive bias on recall when a no-longer-relevant item 
should have been deleted from WM (Bae & Luck, 2017). 

10 For completeness, the bias analysis for Experiment 1 was recal-
culated using six bins to facilitate comparison between Experiments 
1 and 2 (see OSM Fig.  5). As in the three-bin analysis, there were 
no differences in bias between recall-1 and recall-2-stay trials for any 
bin, and there was greater bias on recall-2-switch trials, especially for 
the 50°and 125° bins.
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Bae and Luck (2017) did not discuss the implications that 
this finding has for the active-deletion hypothesis. As dis-
cussed below, that a repulsive bias from a no-longer-relevant 
item was found in both of these two independent studies 
from different labs using tasks with some important differ-
ences in methods is compelling and strengthens confidence 
in the robustness of this phenomenon.

Our results converge with those of Bae and Luck (2017) 
despite some important differences between the experimen-
tal paradigms. In their study, directional orientations (“tear-
drops”) were presented sequentially, overlapping at central 
fixation, whereas in the present study Gabor patches were 
presented simultaneously, separated by approximately 22.3° 
of visual angle from one another in the lower left and right 
hemifields. These are not trivial methodological differences. 
There was considerably more overlap in the cortical areas 
that processed the visual stimuli in their experiment than 
ours, so it was plausible that there would be stronger modu-
lation of local cortical circuits (via lateral inhibition) that 
repulsed the memory representations of the stimuli in their 
experiment than ours (Johnson et al., 2009).

Also, sequentially presenting the stimuli at the same 
location could have resulted in substantial bias from lateral 
inhibition because the memory representation for the sec-
ond item could have included relative information (e.g., X° 
clockwise/counterclockwise from the first stimulus). Fur-
thermore, in their sequential report paradigm, both items 
were always tested, the order of recall was determined by the 
first retrocue, and the second item was recalled immediately 
following the first item. The short interval between recalling 
the first and second item could have caused more bias from 
the first item on the second item than with our paradigm, 
perhaps because there was not enough time for participants 
to actively delete the no-longer-relevant orientation from 
WM (Oberauer, 2018).

In our paradigm, the item to be recalled second was 
unknown until the second cue appeared, which was several 
seconds after recalling the first item (a much longer period 
than in their paradigm). Nevertheless, the data from both 
studies showed strikingly similar evidence that items which 
(according to the active-deletion hypothesis) should have 
been deleted from WM continued to bias retrieval of a tar-
get item in WM; this diverges from evidence supporting 
the notion that no-longer-relevant items do not influence 
retrieval of target items in WM (i.e., Fulvio & Postle, 2020; 
Rose et al., 2016). The results reported here and by Bae and 
Luck (2017) show that this clearly was not the case.

What might explain the source and direction 
of biases on WM?

What might be the source of the biases that were observed in 
this study? An alternative to the binding/chunking account 

is that the bias seen on recall-2-switch trials in Experiment 
1 could be from the recalled orientation for the recall 1 
response on those trials, as opposed to the memory repre-
sentation that was encoded, cued, maintained, and retrieved 
for recall 1. Note that the active-deletion hypothesis suggests 
that no-longer-relevant information should be deleted from 
memory, so any memory of the recall 1 response should also 
have been actively deleted from WM so that this irrelevant 
information did not interfere with WM for the second-cued, 
target item. Nonetheless, a future study with this paradigm 
that includes trials in which the item cued first is not tested 
would shed light on the extent to which memory of the 
response, rather than memory of the stimulus, drives the 
observed biases. It is noteworthy that at least two studies 
have included such trials and ruled out this possibility (see 
Dagry et al., 2017 and Lintz & Johnson, 2021).11

There is a long history of related research on proactive 
interference and “serial dependence” effects showing that 
a response to a target item on the current trial is biased 
from previous responses to targets on previous trials. There 
is a robust literature on such effects that span the percep-
tion, attention, and memory domains, so review of these 
literatures is beyond the scope of the current study (e.g., 
Bliss et al., 2017; Fischer & Whitney, 2014; for reviews, 
see Kiyonaga et al., 2017; Lorenc et al., 2021). If recall on 
this task was biased by the previous response, then recall 1 
responses in the current study should also have been biased 
by the response from the previous trial. To test this hypoth-
esis, a supplemental analysis was conducted by recalculating 
the bias on recall 1 errors based on the previously recalled 
response on recall 2 from the previous trial. The amount of 
bias on recall 1 responses from the recall 2 response on the 
previous trial was not as large as the bias observed on recall-
2-switch trials (see OSM Fig. 6). Therefore, the amount 
of bias from the no-longer-relevant item within the same 
trial was stronger than any bias seen from the previously 
recalled item on the previous trial (i.e., proactive interfer-
ence or serial dependence). Future studies that are designed 
to directly compare the size and nature of bias effects from 
proactive interference and serial dependence from interfer-
ing items encoded, attended, or retrieved on previous trials 

11 Note that the feedback following recall 1 could result in correc-
tions to the errors made, so memory may have also been influenced 
by feedback, especially for recall-2 trials. To assess the extent to 
which this affected recall, a supplemental analysis was done to 
compare recall-2 trials following green, yellow, or red feedback on 
recall-1 responses. This showed that the effects of feedback on recall 
were minimal and did not substantially alter interpretation of the 
observed effects (see OSM Figs. 2 and 3). Nonetheless, future studies 
should manipulate whether feedback is provided so that the independ-
ent effect of feedback on memory can be assessed. We thank Evan 
Lintz for this suggestion.
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versus within the same trial are needed to elucidate the 
source of these interesting bias effects.

What determines when there will be repulsive or attrac-
tive bias from nontargets? Although addressing this ques-
tion is beyond the scope of the current study, it is an inter-
esting question that emerges from the results. Some recent 
research reported that WM for an item on the current trial 
was attracted to the memory item from the previous trial, but 
the direction of this bias flipped to be a repulsive bias three 
trials later (Fritsche et al., 2020). The authors interpreted this 
to be due to influence from both Bayesian priors and efficient 
encoding similar to perceptual adaptation. Note that studies 
that have shown attractive or repulsive bias often involve 
distractors that are irrelevant to task performance – that is, 
the distractors were never maintained in WM (e.g., Mallett 
et al., 2020). Such studies do not provide the most direct 
tests of the active-deletion hypothesis. The same is true of 
studies involving task situations in which there is an insuffi-
cient amount of time to actively remove a no-longer-relevant 
item from WM (Golomb, 2015).

In at least one study that can provide more of a direct test 
of the active-deletion hypothesis, Czoschke et al. (2019) sug-
gested that attractive bias is seen from distractors occurring 
across trials whereas repulsive bias is seen from distractors 
occurring within trials. Chunharas et al. (2022) suggest that 
bias is attractive when the number of items to remember 
is close to a participant’s WM capacity, but repulsive for 
smaller, sub-span set sizes, especially for longer delays. 
Shan and Postle (2022) suggest that whether there is attrac-
tion repulsion depends on whether a no-longer relevant item 
was passively or actively removed from WM. Using a clever 
design similar to our own, but with a distractor that appeared 
in a location that did or did not overlap with one of the 
stimuli, they found that an irrelevant memory item exerted 
attractive bias on recall in the no-overlap condition, but an 
(unexpected) repulsive bias in the overlap condition.

Here we showed, with only two simple features to remem-
ber over relatively long delays (compared to most visual WM 
paradigms, especially for recall-2 trials), that the amount and 
direction of bias (repulsion or attraction) depended on the 
nature of encoding (whether the features were bound into a 
single object), the angular difference between the two orien-
tations, and its proximity to cardinal axes. In sum, the attrac-
tion/repulsion literature across perception, attention, and 
WM studies is decidedly mixed. A clarifying account that 
spans these domains is needed. Nonetheless, our results add 
interesting data showing further dynamic, contextual vari-
ability of the phenomena to this growing body of research.

Regardless of the direction of bias from no-longer-rele-
vant distractors or the precise mechanisms that cause such 
bias (which are not entirely clear yet), the most important 
take home point is that evidence of such biases are inconsist-
ent with the active-deletion hypothesis. So, this mechanism, 

which is hypothesized to help control the contents of WM by 
prioritizing maintenance of target information and resolve 
interference from nontarget information, does not appear to 
be used in all circumstances. Clarifying the exact source 
of such differences between studies which suggest that 
active deletion is or is not used is an important direction 
for future research on the dynamics of WM. Doing so will 
help researchers pin down why certain items persist in WM 
when others do not.

At present, the results of this study may be seen to sup-
port at least some of the conclusions drawn by Oberauer 
(2018) and the SOB-CS model. The data suggest that, even 
when low level visual stimuli are used as memoranda (rather 
than words), the simultaneous stimulus presentation and 
binding to each stimulus’s spatial context involved sufficient 
processing (perhaps via chunking or the persistence of a pre-
viously retrieved representation). This may have prevented 
the no-longer-relevant item from being removed from WM 
in the 2.5 s between the second cue and the probe. Further 
exploring what level of processing of the stimuli is required 
to prevent active-deletion could shed light on possible mech-
anisms for this removal process and help researchers gain 
insight into when and why active-deletion occurs.

A limitation of this study is that, due to the COVID-19 
pandemic, we were unable to use neuroimaging or neuro-
stimulation methods to observe or modulate the activation 
status of items held in WM (as in Rose et al., 2016). Hav-
ing participants perform a visual WM double-retrocue task 
with concurrent neuroimaging and neurostimulation, and 
associating neural data with potential biases from irrelevant 
items, could help reveal the nature of the representations that 
are retained in WM, including their activation state and the 
extent to which target and irrelevant features may be chunked 
or bias one another. For example, Bae and Luck (2019) were 
able to decode the no-longer-relevant orientation that was 
recalled on a previous trial from the EEG signals evoked by 
recall of a target orientation on the current trial. Such analy-
ses can be used to track the activation state and the influence 
of WM items as they transition from relevant to no-longer-
relevant, deleted states (see also Lorenc et al., 2020).

Additionally, future research would do well to assess the 
independent contributions of the effects of attentional cue-
ing/prioritization separately from the act of recalling an ini-
tial target item on the nontarget biases that were observed on 
recall 2 trials. It will be important for future research to elu-
cidate the source of biases from no-longer-relevant/nontarget 
items on recall of target items, and whether such interactions 
among items in WM arise during encoding, maintenance, or 
retrieval. Analyzing bias from no-longer-relevant items, and 
understanding how it interacts with different prioritization 
states, should help researchers elucidate the nature of WM 
representations and how they are influenced by other items 
in memory.
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