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Abstract
What memories do humans forget? One theory proposes that memories stored with moderate activation levels are weakened
when faced with competitive stress so that they are particularly prone to be forgotten. However, research suggests that visual
long-term memories are stronger than memories of other modalities, and therefore may never fall into this moderate activation
zone. Here we tested these competing predictions by showing to-be-remembered pictures while we recorded event-related
potentials (ERPs) indexingmemory activation during encoding.We found that visual memories with medium levels of activation
when first encoded were more prone to forgetting than memories with high or low encoding activation levels, but this only
occurred if a memory was faced with competition. This study shows that we forget moderately activated memories when they are
subjected to competition, regardless of the modality of experience.
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Introduction

Why we forget has perplexed psychologists and neuroscien-
tists for centuries (Ebbinghaus, 1885/1913; Freud, 1957;
James, 1890). Scores of studies have shown that memories
compete for encoding and retrieval in long-term memory (J.
R. Anderson, 1981; M. C. Anderson, 2003; Lewis-Peacock &
Norman, 2014). One theoretical view states that the memories
we forget are those that have medium levels of activation, a
theoretical region called the zone of destruction, due to stron-
ger competitors weakening these potentially interfering

representations (Detre et al., 2013; Lewis-Peacock &
Norman, 2014; Norman et al., 2007; Ritvo et al., 2019). An
illustration of this idea is shown in Fig. 1.

However, it is not clear that this destructive competition
plays out among visual representations in long-term memory.
This is because both classic and recent research suggests that
visual long-term memory representations may be too strong to
be forgotten (Brady et al., 2008, 2013; Standing, 1973;
Standing et al., 1970). For example, it has been proposed that
memory for visual memoranda may be virtually perfect
(Standing et al., 1970). Therefore, these visual representations
may never be weak enough to fall into this destructive zone.
Our goal in the present study was to test predictions of these
competing theoretical perspectives by recording subjects’
electroencephalogram (EEG) and measuring their event-
related potentials (ERPs) elicited by the to-be-remembered
pictures of objects. By measuring brain activity during the
encoding of each picture, we can determine if a given picture
is encoded with a weak, medium, or strong activation strength,
and then test memory for these items after competitive stress is
applied experimentally, as we describe next.

In the present study, we used a visual-long term memory
task in which healthy young adults viewed pictures of to-be-
remembered objects. We then had subjects restudy certain
object exemplars because previous research has shown that
repeating a specific exemplar of a category (e.g., a picture of
a specific vase), can induce the forgetting of other categorical-
ly related exemplars that were not restudied (i.e., other vases)
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compared to baseline objects that are also only seen once with
no same-category exemplars restudied (Maxcey, Janakiefski,
et al., 2019).1 As a result, we were able to present subjects
with a stream of to-be-remembered visual stimuli and induce
the forgetting of certain representations by simply interleaving
a repeating exemplar of that same category (see Fig. 2). Our
task and stimuli distinguish the present study from previous
studies that have used visual memoranda, but presented sub-
jects with many exemplars from a couple of categories (Detre
et al., 2013; Lewis-Peacock & Norman, 2014) or one exem-
plar from many categories (Brady et al., 2008; Standing,
1973), which could explain why memory researchers have
reached such different conclusions about how well we can
remember visual information.

The advantage of this paradigm is that subjects were never
told to forget any of the items. Just the opposite, people were
told that they needed to remember all of the items, but that
some of the items would repeat as they studied the pictures in
the stream of visual stimuli. Another advantage of studying
forgetting in this context is that the paradigm allows us to
experimentally induce forgetting of certain pictures of objects,
while ensuring that subjects have seen the critical objects the
same number of times and following delays of the same
length. That is, both the exemplars that are experimentally
forgotten (which we will call the related items) and the base-
line items are shown just once during the initial study phase.
In addition, both of these critical types of objects are remem-
bered across the same temporal delay, with just the restudied
exemplars and new exemplars appearing in the restudy phase,
as shown in Fig. 2.

We combined this visual long-termmemory paradigmwith
recordings of subjects’ ERPs because the literature has shown
that the amplitude of subjects’ frontal ERPs measured during

memory encoding can provide a measure of memory strength
(Paller et al., 2007; Rugg & Curran, 2007; Servant et al.,
2018). Specifically, the frontal positivity, also known as the
FN400 or N400, tracks the fidelity of long-term memory stor-
age, with its sensitivity sufficient to measure the strength of
memory encoding on a single trial (Fukuda & Woodman,
2015; Kutas & Federmeier, 2011). In addition, although it is
unknown whether this ERP component has sufficient sensi-
tivity to pick up on the non-monotonic changes in memory
encoding strength in the present paradigm, previous work has
shown that its amplitude tracks non-monotonic learning
curves (Servant et al., 2018). For the present purposes, we
did not focus on the canonical debate about whether this com-
ponent measures the strength of familiarity or implicit mem-
ory (Paller et al., 2007; Rugg & Curran, 2007), but simply
used this waveform as a way of covertly measuring memory
storage strength from the brain.

If subjects forget the medium strength representations of
objects in visual long-term memory, then when we measure
the frontal positivity elicited by category exemplars during
study, we should find that it is those exemplars that elicit
medium amplitude positivities during encoding that are sub-
sequently forgotten by the time subjects are tested at the end of
the experiment. In contrast, if visual long-term memories are
uniformly strong, then we should instead find that the ampli-
tude of the frontal positivity elicited by items will be uniform-
ly high and its amplitude will be unrelated to which items are
forgotten.

Methods

Participants

We ran twenty-two participants (14 females, Mage = 24.5,
SDage = 4.7), guided by an a priori power analysis using effect
sizes derived from previous work measuring similar brain
potentials in other tasks (Fukuda & Woodman, 2015;
Reinhart & Woodman, 2014). This estimate showed that a
sample of 20 subjects would be sufficient to detect effects of
the same magnitude 80% of the time at an alpha level of 0.05.
All provided informed consent prior to experimental proce-
dures as approved by the Vanderbilt University Institutional
Review Board. Participants received a compensation of $15/
hour. All reported normal or corrected-to-normal visual acu-
ity, normal color vision, and no history of neurological
problems.

Stimuli

The stimuli were images of everyday objects centered on the
monitor, and subtending ~7°× 7°. The image set consisted of
32 categories, with 21 images in each category, for a total of

Fig. 1 Predicted effect of competition on our visual long-term memories
for objects that vary in how strongly they are encoded into memory. We
are supposed to see that memories with the medium activation levels at
encoding are most easily forgotten after they are subjected to competition
with other memories. Adapted from Detre et al. (2013)

1 Similar consequences of accessing a memory representation has been shown
in the laboratory when subjects retrieve words from memory (Anderson et al.,
1994). However, research with words suggests that the mere exposure of a
subset of the exemplars is not sufficient to trigger this form of forgetting
(Maxcey, Janakiefski, et al., 2019b), whereas it is with visual stimuli.

1616 Psychon Bull Rev (2021) 28:1615–1622



672 images. The full set of stimuli can be found here: https://
osf.io/yhaqn/.

Procedure

An overview of the experiment structure is shown in Fig.
2. We instructed participants to memorize each object for a
later memory test. Each trial started with a black fixation
dot (6.89 cd/m2) presented on a gray screen (30.5 cd/m2;
white in Fig. 2) for 500 ms followed by the stimulus pre-
sentation for 2000 ms. The fixation dot remained on the
screen during this time to encourage participants to refrain
from blinking or making eye movements. Following stim-
ulus presentation, there was a 2000 ms inter-trial interval
when participants could blink and move their eyes.
Participants received a break every 64 images. This con-
tinued until all 384 images from 32 object categories (12
exemplars each) had been shown.

In the restudy phase, half of the studied images from
half of the original categories were presented again.
These categories and images were randomly chosen for
each participant as well as presented in a random order.
The images were shown a total of three times during the

restudy phase. An equal number of novel images in each of
the categories were also presented. Before starting the re-
study phase, we told participants that both old and new
images would be presented and to restudy the old images
while memorizing the new ones.

The restudy phase produced three different stimulus types:
(1) restudied objects, or object exemplars that were restudied
in the restudy phase (e.g., the blue lamp in Fig. 2), (2) related
objects, or objects whose category was restudied, but the ob-
ject exemplars themselves were not (e.g., the green desk lamp
in Fig. 2), and (3) baseline objects, or objects whose entire
category was absent from the restudy phase.

In the test phase, an equal number of all object types (i.e.,
restudied, related, and baseline) were randomly presented on
the screen in addition to novel objects, which were divided
equally between all categories (i.e., three novel objects for
each of the 32 categories). Participants performed an old-
new recognition task using a keyboard with either the f or
the j key corresponding to old, with the keys counterbalanced
between participants. Trials terminated with the keyboard re-
sponse and were followed by the 2000 inter-trial interval.
Before the test phase began, we told participants that 75% of
the images would be old.

Study Phase

Restudied
Correct Response:

Old

500 ms2000 ms

Time

Test Phase

2000 ms 500 ms
Related

Correct Response:
Old

Restudy Phase

2000 ms 500 ms
Novel

Correct Response:
New

Baseline
Correct Response:

Old

Fig. 2 An example of the stimuli and overview of the different phases of
the experiment. In the study phase, a central fixation dot was presented for
500 ms followed by stimulus presentation in which a single object was
presented on the screen for 2000 ms. Participants were instructed to
maintain fixation for the duration of the trial while attempting to
memorize all images presented for a later memory test. There was a
2000 ms intertrial interval in which participants could blink or move

their eyes between trials. In the restudy phase, half of the objects from
half of the categories in the study phase were presented on the screen a
total of three times throughout the phase. An equal number of novel
objects from each category were also presented during this restudy
phase. In the test phase, participants performed an old-new recognition
task with an equal number of restudied, related, novel, and baseline ob-
jects presented
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EEG Acquisition

We recorded the EEG during all phases of the experiment
from a 20-channel cap with channels located according to
the International 10-20 system (F3, F4, C3, C4, P3, P4,
PO3, PO4, O1, O2, PO7, PO8, T3, T4, T5, T6, Fz, Cz, Pz).
During recording, we kept impedance values below 4 kΩ.
Data were referenced online to the right mastoid and re-
referenced offline to the average of the left and right mastoid
electrodes. We placed an electrode approximately 1 cm lateral
to the outer canthi of each eye in addition to an electrode
underneath the right eye to monitor eye movements and
blinks. All channels were band-pass filtered from 0.01–
100 Hz and digitized at 250 Hz.

EEG Analysis

We detected trials containing blinks, amplifier saturation, or
excessive noise in the EEG by first running each subject’s data
through the EEGLAB Toolbox function eegthresh.m
(Delorme &Makeig, 2004). This rejected any trials with volt-
ages greater than +100 μV or less than -100 μV. Next, we
used a split-half sliding window approach (window size = 200
ms, step size = 10 ms, threshold = 10 μV), as used in Adam
et al. (2018), on the remaining trials to further reject any trials
with eye movements. This approach placed a 200 ms window
every 10 ms from the beginning to the end of a trial in the
difference HEOG signal (left HEM – right HEM). If the
HEOG difference from the first half to the second half of the
window was greater than 10 μV, then the trial was rejected.
An average of 9.33% of study trials and 9.13% of restudy
trials were rejected for each participant.

ERP Analysis

Wemeasured the amplitude of subjects’ ERPs across the mid-
line electrode Fz following our previous studies of the frontal
positivity (Reinhart & Woodman, 2014; Servant et al., 2018)
and used the measurement window of 200 – 1000 ms follow-
ing stimulus onset as used previously to calculate mean
amplitude (Fukuda & Woodman, 2015). Due to subjects
responding prior to 1000 ms in the test phase, the frontal
positivity measurement window was truncated to 200 –
800 ms for this phase. Analyses were performed on baseline
corrected, but unfiltered data so that our measurements were
not contaminated by filtering (JASP Team, 2020). For visual-
ization purposes only, trials were low-pass filtered using the
EEGLAB Toolbox function eegfilt.m with a half-amplitude
low-pass cutoff at 30 Hz (Delorme & Makeig, 2004).

Our first step was to measure the amplitude of the frontal
positivity elicited by each stimulus during the study phase.
This approach was based on a recent study showing that the
amplitude of the frontal positivity provides a trial-by-trial

measure of the encoding quality, with more positive poten-
tials resulting in better recognition performance in a sub-
sequent memory test, and this amplitude being unrelated to
the memorability or physical characteristics of the individ-
ual stimulus (Fukuda & Woodman, 2015). Measuring the
frontal positivity for each stimulus allowed us to determine
which objects were encoded with medium levels of activa-
tion as measured by the amplitude of their frontal positiv-
ity. To determine this, we divided objects into quartiles
based on the amplitude of the frontal positivity elicited
by that stimulus with this EEG data first baseline corrected
from -400 to 0 ms to ensure trials were not sorted based on
pre-stimulus noise. Objects that elicited the lowest quarter
of frontal positivities comprised Quartile 1 (Q1). In con-
trast, objects encoded with the highest quarter of frontal
positivity comprised Quartile 4 (Q4). The middle two quar-
tiles, Quartile 2 (Q2) and Quartile 3 (Q3), contained the
objects that were encoded with moderate levels of activa-
tion, or the objects thought to lie in the zone of destruction.
We performed this sorting process separately for each sub-
ject and object type (i.e., restudied, related, and baseline).

Results

The first step in assessing the hypothesis that activation
strength determines the fragility of human visual long-term
memories is to measure the variability of activation strength
at encoding. Figure 3 shows that when we sorted the stimuli
into quartiles based on the amplitudes of their frontal posi-
tivities elicited by presenting each object in the study phase,
we observed a large spread in the mean amplitudes across
bins (i.e., approximately 30 μV of range, with similar ranges
observed across object types as shown in Fig. 3), resulting in
a significant effect of bin using a one-way ANOVA across
the four bins (F(3,63) = 452.7, p = <0.001, ηp

2 = 0.956) as
well as pre-planned pairwise comparisons (Q1 vs. Q2 (t(21)
= -17.48, p = <.001, d = -3.726) Q2 vs. Q3 (t(21) = -19.16, p
= <.001, d = -4.086) Q3 vs. Q4 (t(21) = -20.22, p = <.001, d =
-4.312)).

This initial observation demonstrates that our measure of
memory strength exhibits sufficient variability at encoding so
as to result in distinguishable bins that differ in amplitude of
the frontal positivity. Moreover, this is a general observation,
with the baseline and restudied objects also exhibiting sub-
stantial variability in the amplitude of the frontal positivities
elicited during the initial encoding events (see Fig. 3C & E).
Next we ask whether the objects that have elicited these dif-
ferent measures of encoding activity exhibited different de-
grees of fragility when faced with competition.

The mean hit rates across subjects for the related objects
across the four amplitude bins are shown in Fig. 3B. As you
can see, following the restudy phase in which the related items
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faced competition from subjects restudying certain exemplars
from certain categories of objects, subjects’ memory for the
related items was fairly accurate if that particular object had

elicited a particularly low or high amplitude frontal positivity.
However, the objects that elicited medium amplitude frontal
positivities were more easily forgotten.
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To provide statistical support for this observation we
performed a two-way repeated measures ANOVA of accu-
racy across object type (restudied, related, and baseline)
and quartile bins (Q1, Q2, Q3, versus Q4) defined by the
amplitude of the frontal positivity at encoding. This
ANOVA yielded a significant main effect of object type
(F(2,42) = 78.225 p = <.001, ηp

2 = 0.788), although not for
quartile bins (F(3,63) = 2.270, p = 0.089, ηp

2 = 0.098), nor
object type x quartile bin interaction (F(6,126) = 1.283, p =
0.270, ηp

2 = 0.058). Pre-planned pairwise comparisons
showed that the related objects that elicited medium-low
amplitudes (i.e., bin Q2; mean = 49.3% correct) were more
prone to forgetting than related objects that elicited the
smallest frontal positivities at encoding (i.e., bin Q1; mean
= 55.4% correct, t(21) = -3.182, p = 0.004, d = -0.678) or
the largest frontal positivities (i.e., bin Q4; mean = 58.4%
correct, t(21) = -3.371, p = 0.003, d = -0.719). However,
related objects in the medium-high bin (i.e., bin Q3; mean
= 54.9% correct) were not forgotten more frequently than
objects in the high or low bins (Q3 vs. Q1 (t(21) = -0.188,
p = 0.853, d = -0.049) Q3 vs. Q4 (t(21) = -1.299, p = 0.208,
d = -0.277)). Interestingly, previous experiments using
words as memoranda have previously observed that items
encoded with medium-low strength may be particularly
fragile (Newman & Norman, 2010), and is the pattern that
we see here with pictures of objects as well. Thus, the
pattern of effects is consistent with the predictions of the
zone of destruction account of forgetting in human
memory.

Although the pattern of results obtained from our anal-
yses of the related objects are consistent with the prediction
that medium strength memories should be more easily for-
gotten when faced with competition, our analyses sug-
gested that this did not occur for the related items, which
were seen the same number of times, but did not have
competition from restudied exemplars in their category.
To assess this quantitatively, we analyzed the frontal pos-
itivities and the subsequent behavior elicited by the
restudied and baseline objects. Here we found no evidence

that stimuli that elicited medium strength frontal positivi-
ties were easier to forget. Specifically, one-way repeated
measures ANOVAs did not show a significant effect of bin
(Q1, Q2, Q3, versus Q4) for either baseline (F(3,63) =
0.255, p = 0.858, ηp

2 = 0.012) or restudied objects
(F(3,63) = 0.272, p = 0.845, ηp

2 = 0.013), although both
of these object types differ from the pattern we observed
across related objects. Thus, unlike the related objects that
were subjected to competitive stress during the middle re-
study phase of the experiment, the restudied and baseline
objects exhibited a generally linear trend relating ampli-
tude of the frontal positivity to how easy it was to remem-
ber a given object.

To ensure that these behavioral results were not simply
due to response bias, we also calculated sensitivity indexes
(Pr, d’, and A’) for each memory activation quartile within
each object type, as well as a measure of bias (C). These
means are shown in Table S1. We found the same pattern
of performance using these metrics as we observed with hit
rate, showing that subjects’ hit rates were not simply an
artifact of response bias.

Recall that we also measured subjects’ ERPs during the
restudy phase of the experiment. We first baseline corrected
this EEG data using the interval from -200 to 0 ms relative to
stimulus onset. This baseline was 200 ms shorter than we used
to baseline correct the encoding ERPs, allowing us to lose
fewer trials to blink artifacts occurring between memory test
events. Subjects’ grand-average ERP waveforms during this
restudy phase are shown in Fig. 4. The waveforms recorded
during this phase, in which objects were repeatedly reshown,
allowed us to verify that the amplitude of the frontal positivity
systematically changes as a memory is strengthened. As
shown, there was a parametric increase in amplitude of the
positivity with each exposure of the to-be-remembered object.
A one-way repeated measures ANOVA showed a significant
effect of object repetition (new, restudy repetition 1, 2, versus
3) (F(3,63) = 3.761, p = 0.015, ηp

2 = 0.152). Follow-up anal-
yses showed that the pairwise comparisons of neighboring
conditions were not significant for the first couple of stimulus
presentations (novel vs. restudy repetition 1 (t(21) = -0.895, p
= 0.381, d = 0.191) restudy repetition 1 vs. restudy repetition 2
(t(21) = -1.904, p = 0.071, d = -0.406) restudy repetition 2 vs.
restudy repetition 3 (t(21) = 0.276, p = -0.785, d = 0.059)).
However, there was a significant difference between the am-
plitude of the frontal positivity elicited by novel objects and
restudied objects on their later repetitions (novel vs. restudy
repetition 2 (t(21) = -3.346, p = 0.003, d = -0.713) novel vs.
restudy repetition 3 (t(21) = -2.958, p = 0.008, d = -0.631)).
Thus, we saw that each learning event systematically in-
creased the amplitude of the positivity that we measured,
confirming our assumption based on previous research that
the amplitude of the frontal positivity tracks the strength of
the memory representation.

�Fig. 3 Study phase frontal positivity and behavioral performance for all
object types. A Study phase grand-average ERP waveforms from elec-
trode Fz (over the frontal lobe, along the midline) for related objects with
quartiles separated based on memory activation (i.e., binned by amplitude
of frontal positivity). The measurement window used to calculate the
frontal positivity amplitude is shown in gray (i.e., 200 – 1000ms). B Hit
rates for related objects during the test phase for each memory activation
quartile as determined from encoding amplitude. Error bars show stan-
dard errors of the mean. C Study phase grand-average ERP waveforms
for baseline objects separated by memory activation. D Hit rates for
baseline objects during the test phase for eachmemory activation quartile.
E Study phase grand-average ERP waveforms for restudied objects sep-
arated by memory activation. F Hit rates for baseline objects during the
test phase for each memory activation quartile. Note that the y-axis range
differs for restudied objects
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Discussion

The goal of this study was to determine whether moderately
activated visual long-term memory representations are more
susceptible to forgetting (Detre et al., 2013; Lewis-Peacock &
Norman, 2014). Despite existing evidence that visual repre-
sentations are particularly strong, our findings show that when
representations are stored with medium levels of activation,
they are especially vulnerable to forgetting when faced with
competition from other memories. This pattern of memorabil-
ity was true only of representations that faced competition.
Memoranda from categories that were not subjected experi-
mentally to competition did not show this telltale pattern. Nor
did those that were restudied enough so that they were too
strong to be in the zone of destruction.

A reader may be confused as to why we saw forgetting in
one medium-strength quartile and not the other. Specifically,
pictures in the Q2 bin (i.e., medium-low activation) exhibited
weakened visual memories following competition, whereas
the other moderate quartile, the Q3 bin (i.e., medium-high),
did not. Although these results seem at odds, they are consis-
tent with previous empirical studies that have observed that
fragility was particularly true of medium-low strength memo-
ries (Newman & Norman, 2010). We believe this pattern is
due to inherent quality of the memories in the medium-low
quartile itself, but whether this pattern is indicative of the
nature of the underlying memory mechanisms at work to mit-
igate interference in memory will require additional work.

Specifically, it would be ideal to fit our data with a polynomial
function to understand the true nature of the function (Detre
et al., 2013).

Our observations indicate that the mechanisms of memory
that determine the memorability of an event may operate ac-
cording to similar principles regardless of the sensory modal-
ity that we gain experience through, although, further studies
are needed to directly compare memory for verbal and visual
materials within the same subjects using the approach we used
here. Classic studies of visual long-term memory had sug-
gested that our memory for information from this modality
might be almost perfect (Brady et al., 2008; Standing, 1973).
By measuring the variability of memory encoding electro-
physiologically, we were able to observe differences in
encoding strength, and watch as those translated into differ-
ences in recognition memory if a given memory representa-
tion was subsequently faced with competition. This pattern
distinguishes the present study from previous work that pre-
sented subjects with visual memoranda to localize certain
stimulus-selective regions of cortex using neuroimaging
(Detre et al., 2013; Lewis-Peacock & Norman, 2014). In the
previous work, subjects were presented with many exemplars
from just a couple of categories (e.g., pictures of faces and
pictures of scenes). Our findings indicate that under this high
degree of within-category competition, forgetting will be
much more extreme than when subjects are presented with
pictures of objects from different categories, such as in the
work suggesting that visual long-term memory for pictures

novel
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Fig. 4 Restudied phase frontal positivity. These grand average ERP
waveforms were measured at electrode Fz and were elicited by the
object when they were new (novel) and each restudy presentation (i.e.,

restudy rep 1 = the first time a picture is restudied). The measurement
window used to calculate the frontal positivity amplitude is shown in gray
(i.e., 200 – 1000ms)
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is nearly perfect (e.g., Brady et al., 2008; Standing, 1973).
Thus, our findings demonstrate the generality of models of
human memory that account for forgetting and appear to rec-
oncile discrepant findings about whether visual information is
forgettable.

What causes the destruction of the medium strength mem-
ories? Theoretical perspectives propose that the medium
strength memory traces are destroyed because they are partic-
ularly potent distractors in memory. But the mechanism of
their demise is far less well defined. For example, it is possible
that the medium strength memories are actively inhibited
(Anderson, 2003; Anderson et al., 1994). Alternatively, it is
possible that the restudy events in our experiment simply
make the matching memory representation impossible to ac-
cess because the practiced items out compete the related items
for retrieval. If true, it should be possible to decode neural
activity and see that related objects memory probes elicit re-
trieval of the practiced competitors (Lewis-Peacock &
Norman, 2014). Our future research is targeted at answering
these questions.

Supplementary Information The online version contains supplementary
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