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Retrieval-induced forgetting in
declarative and procedural
memory: Inhibitory suppression
resolves interference between
motor responses

Dorothy R. Buchli*

Department of Psychology, Mercer University, Macon, GA, United States

Over a century’s worth of research suggests that, for a variety of verbal

and perceptual memory phenomena, retrieval modifies memory in two ways.

First, retrieved information is strengthened and thus more easily retrieved on

subsequent recall tests. Secondly, when information is stored or organized in

memory in such a way that multiple representations share a common retrieval

cue, and are thus subject to interference, related information that is not

retrieved becomes less recallable. Such retrieval-induced forgetting is a highly

robust and well-understood phenomenon. Over the past decade, several

experiments have demonstrated that retrieval-induced forgetting also persists

for motor responses–both simple and complex, and that this impairment

is observed for representations stored in both declarative and procedural

memory. While several review papers have focused on retrieval-induced

forgetting of verbal and perceptual information, to date no literature review

has focused exclusively on retrieval-induced forgetting of motor responses or

actions. In addition, while retrieval-induced forgetting has been documented

extensively within the domain of declarative memory, only a few papers

have been published documenting retrieval-induced forgetting in procedural

memory. Therefore, this review paper will explore these findings and their

primary implications, most notably that when multiple motor programs

are initiated via a shared retrieval cue, inhibitory suppression is recruited

to decrease accessibility of related, but inappropriate actions in service of

potentiating retrieval of appropriate actions. More broadly, the same processes

that govern selective retrieval in cognition are implicated in the selective

retrieval of motor actions.
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Introduction

A recent study estimates that the average internet user has

100 online accounts that require passwords (Pilar et al., 2012;

Pearman et al., 2017). Unsurprisingly, 33% of Americans report

frequent forgetting of passwords, unless they are written down

(Brown et al., 2004). Cipresso et al. (2012) recommend using

their PsychoPass method as a means of creating complex, secure,

but easy-to-remember passwords. To use this technique, all

one has to do is memorize a single letter on the keyboard

and a series of subsequent motor actions. For example, A-

press one key to the left-press one key up-press one key to the

right. This method creates an infinite number of passwords

that are all random and nonsensical, and thus difficult for

hackers to penetrate. With the advent of the internet and

related technologies however, individuals are often faced with

the difficult task of memorizing and executing a series of similar

motor sequences, such as when entering a password or PIN into

an ATM. If these motor sequences are stored and organized

in memory in such a way that they share a common retrieval

cue, these motor sequences could be subject to interference. For

example, if multiple motor sequences share the same effector

with which the movement is initiated, the motor programs may

compete for retrieval access. Successful execution of movement

may thus require resolution of interference between motor

programs (Tempel and Frings, 2013, 2014a,b, 2015, 2016, 2017).

Avid ping pong players for instance, may struggle to play

tennis because, while the shots are the same for both ping-

pong and tennis, the former requires extensive movements of

the wrist, while the latter is played without using the wrist. If

both motor programs are activated simultaneously, the more

familiar, dominant, and better practiced wrist sequences used

for ping pong could interfere with the lesser practiced non-wrist

movement sequences used for tennis, thus blocking them and

preventing them from being executed properly (Tempel and

Frings, 2013).

Retrieval-induced forgetting

One possible mechanism that may resolve interference

between motor programs is retrieval inhibition (Bjork and

Bjork, 1988; Bjork, 1989). Retrieval inhibition has been

implicated as the primary mechanism for resolving interference

in several different types of verbal memory phenomena,

including retrieval-induced forgetting (Anderson et al., 1994).

Retrieval-induced forgetting (RIF) is primarily investigated

via a retrieval practice paradigm that consists of three

phases (see Figure 1). During the initial learning phase,

participants study a series of word pairs comprised of a

category label and an exemplar derived from that category.

For example, FRUIT: LEMON, FISH: HERRING, METALS:

SILVER. Participants typically learn a total of 48 category-

exemplar pairs–eight categories, each containing six exemplars.

Subsequently, during the retrieval practice phase, participants

are given a category label followed by a two-letter stem

cue (e.g., FRUIT: LE, FISH: TR) and must generate the

correct exemplar. Participants typically perform retrieval

practice three times, on half of the exemplars from half

of the studied categories. After a short distractor task,

participants are tested on all of the category-exemplar pairs

that they studied (FRUIT: L, FRUIT: B, FISH: T, FISH: H,

METALS: S).

The pattern of results typically observed in this paradigm

highlight the advantages and disadvantages conferred by

retrieval practice. The advantage is that, unsurprisingly, items

that were subject to retrieval practice (henceforth termed Rp+

items; e.g., FRUIT: LEMON; FISH: TROUT) are recalled

better than items from other categories that were not practiced

(henceforth termed Nrp or baseline items; e.g., METALS:

SILVER). The costs of retrieval practice are demonstrated

when recall of unpracticed exemplars from practiced categories

(e.g., FRUIT: BANANA, FISH: HERRING; henceforth termed

Rp– items) is compared to recall for Nrp or baseline items.

While theories of spreading activation (Collins and Loftus,

1975; Anderson, 1983), would predict that studying some items

sharing a category cue would facilitate recall of related items

from that category, access to related items is subsequently

impaired. That is, repeated retrieval practice of FRUIT: LEMON

impedes later recollection of FRUIT: BANANNA on the final

test. This phenomenon of impaired recall of related exemplars

following retrieval practice is known as retrieval-induced

forgetting. Retrieval-induced forgetting is an extremely robust

and thoroughly replicated phenomenon. It has been observed

with a variety of materials, including pictures (Maxcey and

Woodman, 2014; Maxcey et al., 2021), text passages (Carroll

et al., 2007), factual propositions (Anderson and Bell, 2001),

phonological categories (Bajo et al., 2006), visuospatial materials

(Ciranni and Shimamura, 1999), and mathematical equations

(Campbell and Thompson, 2012). Retrieval-induced forgetting

has also been observed outside of the laboratory in a number

of applied, real-world contexts including eyewitness memory

(Shaw et al., 1995; MacLeod, 2002; Saunders and MacLeod,

2002) and education (Carroll et al., 2007; Little et al., 2011—

for a review of RIF in applied contexts, see Storm et al.,

2015).

There are several theories that attempt to explain why

retrieval-induced forgetting occurs (see Figure 2). The inhibitory

account of retrieval-induced forgetting contends that during

the initial retrieval practice phase, when one attempts to

recall LEMON in response to the cue FRUIT: LE, the

word FRUIT activates all of the members of that category,

creating interference. In order to resolve such interference,

individuals must suppress or select against the related exemplars,
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FIGURE 1

Retrieval practice paradigm and typical results. Retrieval-induced forgetting is investigated using the retrieval practice paradigm. During the

initial study phase, participants study a series of category-exemplar pairs. Subsequently, during the retrieval practice phase, participants retrieve

half of the exemplars from half of the studied categories. After a brief distractor task, participants are tested on all of the exemplars that they

studied. Category-exemplar pairs that were subject to retrieval practice are better recalled than baseline items from other categories that were

not featured during retrieval practice. Unpracticed category-exemplar pairs from practiced categories however, show impaired recall relative to

baseline items, thus demonstrating retrieval-induced forgetting. Figure adapted from Anderson et al. (1994).

FIGURE 2

The inhibitory account of retrieval-induced forgetting. The inhibitory account of retrieval-induced forgetting posits that during retrieval practice,

when attempting to recall the target item LEMON in response to the cue FRUIT: LE, LEMON is activated, but so are competing nontarget items

from the same category, such as APPLE, STRAWBERRY, and BANANNA. Both the target and nontarget items compete for retrieval access. To

overcome such interference and facilitate retrieval of the target item, inhibitory suppression is recruited to select against and decrease the

accessibility of nontarget competing items.

deactivating them and making it easier to retrieve the correct

exemplar. The consequence of such suppression is that

those items are less recallable on the final test (Anderson

et al., 1994; Anderson and Spellman, 1995; Anderson, 2003).

Various noninhibitory explanations have also been proposed

to account for retrieval-induced forgetting. For instance, the

Frontiers inCognition 03 frontiersin.org

https://doi.org/10.3389/fcogn.2022.1081181
https://www.frontiersin.org/journals/cognition
https://www.frontiersin.org


Buchli 10.3389/fcogn.2022.1081181

associative interference account contends that when Rp+ items

are subject to retrieval practice, the association between the

category cue (e.g., FRUIT) and the exemplar (e.g., LEMON)

becomes strengthened and highly accessible. This strengthened

association causes LEMON to intrude perseveratively during

the final test, thus blocking participants’ access to related

items from the same category, such as STRAWBERRY

(for literature reviews of the interference account of RIF,

see Verde, 2012; Raaijmakers and Jakab, 2013). Thus, the

primary difference between the inhibitory account and the

associative interference account is that while the former

argues that retrieval-induced forgetting is caused by inhibition,

recruited to suppress competing Rp– exemplars and resolve

interference during retrieval practice, so as to facilitate

selective retrieval of target Rp+ items, the latter assumes

that retrieval practice strengthens the association between the

category cue and target Rp+ exemplars, and this strengthened

association prevents participants from recalling other nontarget

items from the same category on the final test. There

are numerous findings that uniquely support the inhibitory

account, however (see Figure 3). For example, retrieval-

induced forgetting is cue independent, strength independent,

competition dependent, and retrieval specific (for literature

reviews of the inhibitory account of RIF, see Anderson, 2003;

Storm and Levy, 2012; Marsh and Anderson, 2022; for a meta-

analytic review of RIF, see Murayama et al., 2014). Each of

these properties of retrieval-induced forgetting will be discussed

in turn.

Properties of retrieval-induced
forgetting that are consistent with
the inhibitory account

Cue independence

Anderson and Spellman (1995) were the first to demonstrate

that retrieval-induced forgetting persists on the final test not

just when participants are asked to generate an exemplar

using the initially studied cue, or to recall BANANA when

given the cue FRUIT: B, for example. Reliable retrieval-

induced forgetting is also observed when participants are

asked to recall the item with a totally novel or independent

cue (e.g., MONKEY: B). Why is this a problem for the

associative interference account of retrieval-induced forgetting?

The interference account maintains that what gets strengthened

during retrieval practice is the association between the exemplar

and the initially studied category cue. Therefore, if an

independent probe or novel category cue is used to retrieve

the exemplar, there should be no memory impairment. In

contrast, the inhibitory account maintains that during retrieval-

practice of Rp+ items, competing Rp– items are suppressed.

Said differently, according to inhibitory account, the exemplars

themselves are suppressed to resolve interference, while the

associative interference account contends that the association

between the initially studied category cue and the practiced

exemplars are strengthened, thus blocking or preventing recall

of related, unpracticed items on the final test. The fact that

retrieval-induced forgetting persists with a novel cue is thus

consistent with the inhibitory account. The cue independence

property of retrieval-induced forgetting is highly robust and

generalizable (Anderson et al., 2000a,b; Anderson and Bell,

2001; Saunders and MacLeod, 2002; Johnson and Anderson,

2004; Veling and van Knippenberg, 2004; MacLeod and

Saunders, 2005; Bajo et al., 2006; Aslan et al., 2007; Levy

et al., 2007; Hulbert and Shivde, 2012). When Murayama

et al. (2014) examined all of the published studies that

have utilized an independent cue on the final test in their

meta-analysis, a significant retrieval-induced forgetting effect

was found, though it was smaller than the retrieval-induced

forgetting effect observed when the studied cues were used on

final test.

Despite the relatively high incidence of cue independence in

studies of retrieval-induced forgetting, some failures to replicate

have occurred. In addition, some have raised the concern that

“independent” cues may not be truly independent. For example,

according to the covert-cuing hypothesis, when participants are

exposed to a novel or independent category cue during the final

test (e.g., MONKEY), instead of using that category cue alone to

retrieve the appropriate exemplar (e.g., BANANA), participants

covertly generate the initially studied cue (e.g., FRUIT) and use

it to facilitate retrieval of the exemplar. Because participants

are therefore still making use of the association between the

exemplar and the studied cue, this explanation is consistent

with the interference account (Williams and Zacks, 2001; Perfect

et al., 2004; Camp et al., 2007, 2009). That is, according to

the covert-cuing hypothesis, if participants covertly retrieve

FRUIT when presented with MONKEY: BANANA, all of the

interfering exemplars associated with the FRUIT category could

become activated and prevent successful recall of BANANA.

Thus, even independent cues could be subject to associative

interference. In support of the covert-cuing hypothesis, Camp

et al. (2005) discovered that when participants did not know

that the study and test phases were related, no retrieval-induced

forgetting to independent cues was observed. However, when

participants were explicitly informed that the study and test

phases were related, significant cue-independent forgetting was

observed. However, other researchers have found significant

cue-independent forgetting in situations where the use of

previously studied cues was very unlikely to occur (Shivde and

Anderson, 2001; Johnson and Anderson, 2004), thus challenging

the generalizability of Camp et al.’s (2005) results.
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FIGURE 3

Properties of retrieval-induced forgetting. The inhibitory account of RIF is the best understood explanation for RIF and is supported by a wealth

of evidence. RIF caused by inhibition exhibits four key properties—cue independence, strength independence, retrieval specificity, and

competition dependence. The table above includes a definition for each property, an example from the RIF literature as it pertains to verbal

memory, and an example of the same property replicated in motor memory.

Other evidence that independent cues may not be truly

independent comes from experiments demonstrating cue-

enhancement effects. Camp et al. (2009) demonstrated that

manipulating the accessibility of studied cues can affect recall

even when participants are given an independent cue at test.

In the procedure adopted by Camp and colleagues, participants

learned 24 category-exemplar pairs (e.g., ROPE: SAILING,

SUNFLOWER: YELLOW) and were subsequently tested on all
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24 items using an independent cue (e.g., SPORT, COLOR).

Prior to the learning phase however, a subset of the cues

were presented to participants without the associated exemplar.

Each cue was presented twice. During the first presentation

of the cue, participants’ task was to study each cue for 2 s

and rate its pleasantness on a scale from 1 to 5. On the

second presentation, each cue was again presented for 2 s,

and participants were instructed to rate each item’s relative

frequency of use in the Dutch language on a scale from 1

to 5. Interestingly, the results revealed that prior exposure

to the studied cue facilitated recall of the associated item,

even though an independent cue was used. That is, recall of

YELLOW in response to the cue COLOR was better when

participants received additional exposure to the studied cue

SUNFLOWER. If the recall of YELLOWgiven the cue COLOR is

dependent on how accessible SUNFLOWER is, COLOR cannot

be considered an independent cue. Therefore, even though

Camp and colleagues’ paradigm did not specifically investigate

retrieval-induced forgetting, their results call into question

the assumption that independent cues are truly independent.

However, Huddleston and Anderson (2012) demonstrated

that the cue-enhancement effects observed by Camp et al.

only occur when there is a strong semantic relationship

between the initially studied cue and the independent cue.

For example, during the learning phase Camp et al. presented

word pairs such as BEAK: DUCK and ZOO: TIGER. The

independent probes they choose for these items were BIRD

and ANIMAL respectively. Given the high degree of semantic

similarity between the studied cues and their independent

cues, it seems likely that participants would generate both

cues during retrieval, thus facilitating recall of the target

item. However, when Huddleston and Anderson used studied

cues and independent probes that were totally unrelated

(e.g., presenting GATE: DAISY during the study phase and

later cuing it with the novel probe FLOWER; GATE and

FLOWER have no semantic relation), no cue-enhancement

effect was observed.

Thus, such cue-enhancement effects may simply be an

artifact of the type of study materials selected. Furthermore,

in some cases covert-cuing has abolished cue-independent

forgetting instead of increasing it. For example, when Weller

et al. (2013) explicitly instructed participants to adopt a

covert-cuing strategy and use previously studied cues to help

them recall the associated exemplar on a final test utilizing

independent cues, no cue-independent retrieval-induced

forgetting effect was observed. Why does covert-cuing eliminate

retrieval-induced forgetting? Covert-cuing can often mask the

effects of inhibition, due to the fact that Rp– items are made

more accessible when augmented by the presence of both

the initially studied cue and the independent probe. Recall of

baseline or Nrp items also increases with access to studied cues,

but Rp– items incur more of a retrieval benefit given the fact

that the studied cues are highly accessible as a result of prior

retrieval practice (Marsh and Anderson, 2022).

Strength independence and retrieval
specificity

According to the interference account of retrieval-induced

forgetting, the magnitude of the impairment effect observed

for Rp– items should be directly related to the degree to

which Rp+ items are strengthened during retrieval-practice.

Said differently, retrieval-induced forgetting attributed solely to

interference dynamics during the final test should be strength

dependent. If retrieval practice strengthens the association

between the category cue and practiced exemplars, and

this strengthened association blocks successful recollection of

weaker Rp– items, the more accessible the Rp+ items are,

the more difficult it should be to access the Rp– items. The

most straightforward way to test this prediction is investigate

whether the observed facilitation effect for Rp+ items relative to

baseline items positively correlates with the degree of retrieval-

induced forgetting observed. Several researchers have done

this (Hanslmayr et al., 2010; Staudigl et al., 2010; Hulbert

and Shivde, 2012). Most strikingly however, when Murayama

et al. (2014) examined this correlation in their meta-analysis,

no relationship was observed between the facilitation of Rp+

items and the recall of Rp– items, provided the final test

appropriately indexed forgetting caused by inhibition. Related

findings of note are that providing feedback during retrieval-

practice (Erdman and Chan, 2013; Murayama et al., 2014;

Tempel and Frings, 2018) or increasing the number of retrieval

practice trials fails to increase the amount of retrieval-induced

forgetting observed (Macrae and MacLeod, 1999), provided the

test used controls for output interference and thus appropriately

measures forgetting due to inhibitory mechanisms. Therefore,

the degree to which Rp+ items are strengthened during retrieval

practice is totally unrelated to the size of the impairment

observed for Rp– items. Retrieval-induced forgetting is therefore

considered to be strength-independent.

Several experiments have demonstrated that extra study

in place of retrieval practice fails to elicit retrieval-induced

forgetting, despite the fact that significant strengthening of

Rp+ items occurs in both cases (Anderson et al., 2000a,b;

Anderson and Bell, 2001; Shivde and Anderson, 2001;

Bäuml, 2002; Buchli et al., 2016; Rupprecht and Bäuml,

2016, 2017). For example, if after the initial learning phase

participants are again presented with the intact category-

exemplar pair FRUIT: ORANGE, and are prompted to

restudy it numerous times, no retrieval-induced forgetting

occurs. Retrieval-induced forgetting is only present in the

standard retrieval practice condition, wherein participants are

given the category-plus-letter stem cue FRUIT: OR and are

Frontiers inCognition 06 frontiersin.org

https://doi.org/10.3389/fcogn.2022.1081181
https://www.frontiersin.org/journals/cognition
https://www.frontiersin.org


Buchli 10.3389/fcogn.2022.1081181

prompted to recall the exemplar ORANGE. When Murayama

et al. (2014) examined all of the published experiments that

included restudy in place of retrieval-practice in their meta-

analysis, while restudy produced significant strengthening of

Rp+ items, no significant decrease in recall of Rp– items

was observed.

Other research has demonstrated that significant retrieval-

induced forgetting can occur without strengthening any

items during the retrieval-practice phase. In perhaps the

most striking demonstration of strength independence, after

presenting a series of category-exemplar pairs to participants,

Storm et al. (2006) observed significant retrieval-induced

forgetting regardless of whether retrieval-practice was possible

or impossible. During the possible retrieval practice trials,

participants were shown category-plus-two-letter stem cues

like FRUIT: LE for which they could successfully generate

the corresponding exemplar LEMON. Impossible retrieval

practice trials, in contrast, included cues such as FRUIT: LU

(there is no corresponding fruit that begins with the letters

LU). When Murayama et al. (2014) compared experiments

that utilized the impossible retrieval practice manipulation to

standard retrieval-induced forgetting studies, the effect size of

the observed retrieval-induced forgetting effect in the impossible

paradigm was statistically significant and similar to that

observed in the standard paradigm. Thus, what appears to be

a critical prerequisite for retrieval-induced forgetting is not the

strengthening of practiced exemplars during retrieval practice,

but rather the retrieval attempt itself. That is, retrieval-induced

forgetting is strength independent and retrieval specific, in the

sense that impairment of related, unpracticed Rp– items is only

induced if Rp+ items are actively retrieved from long-term

memory during retrieval-practice.

While these results are incompatible with strength-

dependent associative interference accounts of retrieval-induced

forgetting, they are highly consistent with the inhibition

account. The inhibitory account of retrieval-induced forgetting

posits that when one attempts to selectively retrieve target

Rp+ items during retrieval practice, the target item is activated

in response to the category cue, but so are all of the other

related, nontarget Rp– items associated with the same category

cue. Coactivation of target Rp+ and nontarget Rp– items thus

creates retrieval competition. Inhibitory suppression is therefore

recruited as an adaptive mechanism to reduce the accessibility

of competing nontarget items, and in so doing facilitate selective

retrieval of target or Rp+ items. The consequence of the

inhibitory suppression of competing items during retrieval

practice is that, by virtue of their reduced accessibility, those

items are more difficult to recall on the final test. If inhibition

acts to reduce the accessibility of interfering or competing

nontarget items to enhance retrieval of target items, it is the

retrieval attempt in the face of competition/interference that

matters rather than the strength of the target item. In contrast,

the associative interference account of retrieval-induced

forgetting assumes that impairment of nontarget Rp– items

is entirely a consequence of strengthening the association

between the target Rp+ items and their respective category

cues. If retrieval of target items is impossible and therefore

unsuccessful, no impairment of nontarget Rp– items should

occur. Similarly, strengthening the cue-target association

by any means should result in retrieval-induced forgetting.

Therefore, in sum, the collective observations that retrieval-

induced forgetting persists when successful retrieval of Rp+

items is impossible (Storm et al., 2006) and fails to emerge

during restudy despite significant strengthening of Rp+ items

(Anderson et al., 2000a,b; Bäuml, 2002; Buchli et al., 2016;

Rupprecht and Bäuml, 2016, 2017), provide compelling support

in favor of the inhibitory account, and invalidate many of the

key assertions of the associative interference account.

In addition to the extensive behavioral evidence discussed

above, neuroscientists have established converging evidence in

support of the strength independence property of retrieval-

induced forgetting. For example, a multitude of studies

employing a variety of different neuroimaging techniques have

demonstrated that the anterior cingulate cortex and the lateral

prefrontal cortex are engaged during retrieval practice, but not

during restudy, and that activity in these regions correlates with

retrieval-induced forgetting (Kuhl et al., 2007; Wimber et al.,

2008, 2015).

Further evidence implicating the lateral prefrontal cortex as

a structure that is related to retrieval-induced forgetting comes

from studies investigating stress. After the initial learning phase,

in which participants memorized a series of category-exemplar

pairs, Koessler et al. (2009) instructed participants to either

complete the Trier social stress test, in which they were required

to give a speech and perform arithmetic problems in front of

an audience or complete a control task in which participants

wrote a speech and solved arithmetic problems by themselves.

Subsequently, both groups performed retrieval practice on a

subset of the items they learned and were later tested on all

the category-exemplar pairs. The final test revealed significant

retrieval-induced forgetting in the control condition, but no

retrieval induced forgetting when participants completed the

stressful task. Why? Stress increases salivary cortisol, which

disrupts proper functioning of the lateral prefrontal cortex.

Critically, while stress abolished retrieval-induced forgetting,

participants showed a normal facilitation effect for Rp+ items

during retrieval practice. Thus, retrieval-induced forgetting

can be eliminated with no impact on the facilitation of

practiced items. Similarly, when Penolazzi et al. (2014) applied

cathodal transcranial current stimulation to the dorsolateral

prefrontal cortex (to inhibit or disrupt brain activity in this

region) during retrieval practice, no retrieval-induced forgetting

effect occurred. Again, while retrieval-induced forgetting was

eliminated in participants who received cathodal transcranial

current stimulation, they showed levels of facilitation for Rp+

items that were comparable to those of control participants
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(Marsh and Anderson, 2022). Thus, there are a multitude

of behavioral and neuroscientific studies that convincingly

demonstrate that the magnitude of the facilitation effect for Rp+

items is entirely unrelated to the magnitude of the forgetting

effect for Rp– items.

Competition dependence

As stated above, another critical prerequisite that must

be met for retrieval-induced forgetting to occur is retrieval

competition. If there are no interfering or competing nontarget

Rp– items present during selective retrieval of target Rp+ items,

there should be no memory impairment observed for nontarget

Rp– items on the final test.

Relatedly, a multitude of studies have demonstrated that the

magnitude of the retrieval-induced forgetting effect is directly

related to the degree to which nontarget items compete for

retrieval access. Said differently, the resultant retrieval-induced

forgetting effect is larger when competing nontarget items are

stronger or more accessible during retrieval practice than when

nontarget items are weaker or less accessible during retrieval

practice. Thus, retrieval-induced forgetting caused by inhibition

is competition dependent. For example, Anderson et al. (1994)

found that more retrieval-induced forgetting occurred for

items high in taxonomic frequency (e.g., FRUIT: ORANGE)

than for items lower in taxonomic frequency (e.g., FRUIT:

GUAVA). Items that aremore readily encountered come tomind

more easily and are thus more likely to intrude and disrupt

successful retrieval of target items. Murayama et al. (2014)

examined the combined effects of 12 studies manipulating

taxonomic frequency. Indeed, the retrieval-induced forgetting

effect observed for high-frequency items was larger than

that observed for low-frequency items. Furthermore, when

the final test used appropriately indexed inhibitory processes,

significant retrieval-induced forgetting was only observed for

high-frequency items, not low-frequency items.

Similarly, Shivde and Anderson (2001) observed

significant retrieval-induced forgetting when participants

practiced retrieving the less dominant or less frequently

encountered meaning of a homonym (ARM: MISSILE)

and thus had to suppress the more dominant or frequently

encountered semantic association (ARM: SHOULDER).

However, no retrieval-induced forgetting effect was found

in the opposite condition, when participants practiced the

dominant association. The lack of impairment observed in

the latter case was due to the fact that limited prior exposure

to the less dominant meaning reduced the potential for

retrieval competition.

In a particularly clever demonstration of competition

dependence, Levy et al. (2007) examined the consequences of

practicing words in a foreign language during second language

acquisition. For novice Spanish speakers, repeated retrieval

practice trials requiring the generation of Spanish words

subsequently impaired recall of the corresponding English

word. When prompted to generate English words during

retrieval-practice however, novices failed to exhibit a retrieval-

induced forgetting effect for Spanish words. Because English

words were highly accessible competitors, more inhibitory

suppression was required to reduce their accessibility and

facilitate recall of the Spanish words. In contrast, because

novices were only just beginning to acquire Spanish words,

these weaker, less dominant items were much less likely to

elicit significant retrieval competition and hence less retrieval-

induced forgetting. Interestingly, bilingual speakers failed to

show a retrieval-induced forgetting effect for English words

when prompted to generate the Spanish equivalents during

retrieval practice, presumably because their fluency in both

languages made the English items less competitive or intrusive

during retrieval-practice (but see Runnqvist and Costa, 2012).

Further support for the property of competition dependence

comes from studies of retrieval-induced forgetting that have

used directed forgetting instructions in an attempt to reduce

the degree to which nontarget items interfered during retrieval

practice. For instance, when participants were prompted to

forget a list of category-exemplar pairs after study and prior to

retrieval practice, thereby eliminating the potential for proactive

interference from nontarget items during target retrieval, no

retrieval-induced forgetting occurred (Storm et al., 2007; Bäuml

and Samenieh, 2010). In contrast, when participants were

prompted to remember the list, creating the usual degree of

interference between target and nontarget items, a retrieval-

induced forgetting effect emerged.

Finally, various neuroimaging studies have also provided

support for the competition dependence property of retrieval-

induced forgetting. As noted above, with respect to the neural

substrates of retrieval-induced forgetting, the anterior cingulate

cortex and the lateral prefrontal cortex are activated during

retrieval practice but not restudy, and this activity correlates with

retrieval-induced forgetting. In addition to selective retrieval,

these structures are also activated when response conflict is

detected and resolved via cognitive control. Thus, activity in

these regions should provide a neurological index of interference

during retrieval practice and the resolution of such interference

via inhibition. In support of this hypothesis, when Kuhl et al.

(2007) placed participants in a fMRI scanner and conducted

a typical retrieval-induced forgetting experiment utilizing the

retrieval practice paradigm, the researchers found that activation

in these regions gradually decreased over retrieval practice trials,

reflecting a decline in demand for cognitive control and conflict

detection as competing items were suppressed. Furthermore, the

greater the decline in demands placed on the lateral prefrontal

cortex, the greater the resultant retrieval-induced forgetting

effect. That is, individuals who exhibited higher amounts

of retrieval-induced forgetting showed significant declines in

lateral prefrontal cortex activation between the first retrieval
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practice trial, when they would likely incur the most interference

from competitors and the third retrieval practice trial, when

suppression of competitors via inhibition would be expected to

reduce the amount of interference incurred. In contrast, those

who exhibited less retrieval-induced forgetting showed a smaller

decline in lateral prefrontal cortex activity between the first and

third retrieval-practice trials (Marsh and Anderson, 2022).

Hellerstedt and Johansson (2014) provided additional

neuroscientific evidence in support of competition dependence

when they collected event-related potentials from participants

while they completed a retrieval-induced forgetting task

comprised of taxonomically strong and weak exemplars.

Consistent with the behavioral results obtained by Anderson

et al. (1994), when competing Rp– items were strong or high

in taxonomic frequency, more retrieval-induced forgetting was

observed than if they were weak or low in taxonomic frequency.

In addition, the researchers were able to identify competition-

specific event-related potential modulates over anterior regions,

and these neural substrates of retrieval competition predicted

the degree of retrieval-induced forgetting observed.

Retrieval-induced forgetting of
simple motor responses

As the preceding review suggests, there is ample evidence

in support of the assertion that retrieval-induced forgetting

results from an inhibitory suppression mechanism recruited

to resolve interference between competing exemplars during

selective retrieval. A reasonable assumption is that a similar

retrieval-induced forgetting effect could be observed for motor

responses, provided (a) such motor responses were organized in

memory in such a way that they shared a common retrieval cue,

and (b) presentation of said cue created response competition

between associated motor programs.

Tempel and Frings (2013) adapted the retrieval practice

paradigm to examine whether inhibition is recruited to resolve

interference between motor programs when they share a

common category label or retrieval cue (see Figure 4). During

the study phase, participants learned a series of two-finger

motor sequences, each requiring either the left or right hand.

It was assumed that the hand was the effector and would thus

serve as the category cue given the well-established finding

that people often use hands as discriminators in categorization

tasks. For example, regardless of whether their dominate hand is

left or right, individuals tend to associate positive valence with

their dominate hand. Furthermore, hands have been used to

categorize stimuli in binary classification tasks (Lakens et al.,

2011). Lastly, it has been demonstrated that people classify small

numbers more quickly with their left hand and large numbers

more quickly with their right hand (Dehaene et al., 1993). After

learning a series of two-finger motor sequences requiring either

the left or right hand, half of the motor sequences on one hand

were practiced. When all of the motor sequences were tested

following a distractor task, clear retrieval-induced forgetting was

present. That is, unpracticed motor sequences on the practiced

hand (Rp– items) were recalled worse than unpracticed items on

the unpracticed hand (Nrp items). Tempel and Frings (2014a)

replicated this finding in a subsequent experiment. Participants

first learned 12 movement sequences using a joystick. Each

movement was randomly assigned to either the left or right

hand. During retrieval practice, participants practiced half of the

sequences corresponding to either the left or right hand. The

final test results revealed significant retrieval-induced forgetting

of the remaining unpracticed sequences from the practiced

hand. In addition, these results again demonstrated that hands

were used as category cues and thus organized associated

memories in such a way that they later gave rise to interference.

Reppa et al. (2013) observed a similar pattern of results. That is,

when participants learned a sequence of touch-screen responses

associated with 10 novel objects, significant retrieval-induced

forgetting resulted when the sequences were organized by hand

only, button only, or both hand and button.

Recently, Schmidt and Tempel (2022) extended this pattern

of results to include eye movements. The researchers utilized

a gaze direction task, teaching participants to fix their eyes

on a grid of squares presented on a computer screen. They

learned a series of eye movements requiring them to look to

the left or the right, and subsequently practiced a subset of the

movements corresponding to one direction. When participants

were tested on all of the eye-movement sequences, significant

retrieval-induced forgetting occurred for unpracticed sequences

in the practiced direction. Thus, a variety of motor responses, in

multiple modalities, are subject to retrieval-induced forgetting.

Interestingly, Tempel and Frings (2017) demonstrated that

retrieval-induced forgetting of motor sequences is modality

specific. Participants learned a series of motor sequences

corresponding to the index finger on either the left or right

hand. In the subsequent retrieval practice phase, participants

either practiced half of the motor sequences associated with

one hand or completed a visual search task related to the same

sequences. That is, participants in the motor retrieval practice

condition executed the appropriate sequence of movements

in response to a letter cue. Participants in the visual retrieval

practice condition simply clicked on the correct squares

corresponding to a visual depiction of the task. Retrieval-

induced forgetting of motor sequences only persisted in the

motor retrieval practice condition. Consistent with transfer-

appropriate processing effects in verbal memory (Morris et al.,

1977), when the final test was manipulated to either match

or not match the task required during retrieval practice,

retrieval-induced forgetting only occurred when the two tasks

were matching. How did the authors explain these results?

In order for the interference that underlies retrieval-induced

forgetting to occur, the type of representation activated during

retrieval practice must also be activated at test. Said differently,
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FIGURE 4

The retrieval practice paradigm, modified for motor sequences. During the study phase, participants learn a series of two finger motor sequences

that are initiated by the left or right hand (e.g., left ring finger, left pinkie). On a given trial, participants first see a letter cue (e.g., C) and a drawing

of two hands for 400 milliseconds. Then, the first finger in the sequence is illuminated in yellow for 200 milliseconds, and the second finger in

the sequence is illuminated in blue for an additional 200 milliseconds. Finally, the picture disappears and participants see the letter cue by itself,

at which point they are instructed to execute the appropriate motor sequence. During retrieval practice, again a letter cue is presented by itself,

and participants are instructed to execute the motor sequence associated with that letter cue. During the final test phase, participants again

generate the appropriate motor sequence when presented with the studied cue (declarative memory test), before subsequently being presented

with a novel two letter cue (e.g., WG) and being instructed to type in the sequence of letters on a keyboard. Some of the two letter cues require

the same finger movement sequences as those studied previously (procedural memory test). Figure adapted from Tempel and Frings (2014a).

when representations of one modality are activated, retrieval

only elicits interference between representations of that same

modality. Thus, the after-effects of such retrieval competition,

namely, the suppression of competing exemplars, are only

evident when the final test requires participants to activate

representations within the same modality. Practice of motor

actions elicits interference and subsequent suppression of

related motor representations; practice of visual representations

elicits interference and subsequent suppression of related

visual representations.

Tempel and Frings (2014b) extended their results to include

not just cued recall, a measure of declarative memory, but an

implicit letter dyads task, a measure of procedural memory

(see Figure 4). Participants again studied several two-finger

motor sequences on either the left or right hand (e.g., LEFT

HAND: INDEX FINGER, PINKIE; RIGHT HAND: RING

FINGER, MIDDLE FINGER). Participants would first see a

letter cue (e.g., C) followed by a picture of two hands with

the appropriate fingers colored in yellow and blue respectively.

Participants subsequently practiced half of the motor sequences

from one hand. Replicating previous findings, on the final test

of all the motor sequences, when cued to elicit the motor

sequence given the studied cue, recall of the unpracticed items

from the practiced hand was below the rate of recall for

unpracticed sequences from the unpracticed hand. Participants

were also asked to enter two letter sequences (e.g., WQ),

a subset of which required the same finger movements as

the previously learned motor sequences. Thus, while the first

task required participants to retrieve previously studied cue-

movement sequence associations and was therefore a test of

explicit memory, the second task presented a novel cue that was

not previously studied, thus providing an implicit measure of

memory for themotor sequences. Execution of thesemovements

was significantly impaired as compared to those that were not

previously learned. That is, when the researchers compared

reaction times for Rp- motor sequences to reaction times for

Nrp or baseline motor sequences, Rp- reaction times were

significantly longer. Thus, inhibition was recruited to resolve

interference in both declarative and procedural memory. The

fact that significant retrieval-induced forgetting was observed in

the letter sequences task also suggests that suppression of motor

sequences is cue independent, since memory for the motor

sequences was tested using cues other than those presented

during the initial study phase. Tempel and Frings (2015) also
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demonstrated significant retrieval-induced forgetting of motor

sequences on explicit and implicit memory tests when the motor

sequences were cued not by effector but rather by the direction

of the movement. Participants learned a series of mouse click

sequences, half of which prompted them to move forward

and half of which prompted them to move backward. During

retrieval practice, participants repeated half of the sequences in

one direction (either backward or forward). When participants

were explicitly cued to generate the remaining unpracticed

movements in the same direction, significant retrieval-induced

forgetting occurred. The same pattern occurred on an implicit

test prompting participants to execute the same movements in

response to novel letter cues. Thus, there is converging evidence

to suggest that retrieval dynamics operate similarly in procedural

and declarative memory, and that retrieval-induced forgetting of

motor responses is cue independent.

In addition to providing compelling evidence that retrieval-

induced forgetting of motor sequences is cue independent,

Tempel and Frings (2016) demonstrated that retrieval-induced

forgetting of motor sequences is both strength independent and

retrieval specific. Participants again learned a series of two-

finger motor sequences carried out by either the left or right

hand. Subsequently, participants either (a) practiced executing

half of the motor sequences of one hand in response to a

letter cue or (b) restudied those same motor sequences. While

significant retrieval-induced forgetting was observed in the

retrieval practice condition, none was observed in the extra

study condition. Thus, strengthening of motor sequences in

the absence of retrieval competition was not sufficient to

induce forgetting.

Retrieval-induced forgetting of motor sequences is also

competition dependent. Tempel et al. (2016) investigated

whether retrieval-induced forgetting of motor sequences would

persist if retrieval practice took place prior to the study phase.

In such a case, we would expect no need for the resolution

of interference between motor programs, as there are no

previously learned motor sequences to intrude perseveratively

and create response competition. Indeed, no retrieval-induced

forgetting was observed when retrieval practice preceded the

study phase, demonstrating that interference during retrieval

is a necessary component of retrieval-induced forgetting of

motor sequences. Tempel et al. (2016) conducted a second

experiment in which they implemented a directed forgetting

instruction similar to the one utilized by Storm et al. (2007).

As predicted, when participants were prompted to forget

the recently learned motor sequences, this forget instruction

prevented the requisite interference or response competition

from occurring. In the absence of such interference, there was

no need for inhibitory suppression, thus no retrieval-induced

forgetting occurred. Collectively, all of these results provide

compelling support for the inhibitory account. That is, they

strongly suggest that inhibition is recruited during selective

retrieval of motor responses to ameliorate interference created

by competing motor programs.

Retrieval-induced forgetting of
complex motor responses

All of the preceding examples reference instances where

participants learned and subsequently forgot a subset of fairly

simplistic motor responses. Is memory for more complex motor

actions susceptible to retrieval-induced forgetting? Koutstaal

et al. (1999) were the first to demonstrate retrieval-induced

forgetting for complex actions, in samples of both older

and younger adults. During the study phase, participants

were prompted to perform a series of everyday actions (e.g.,

retrieving a tissue from the Kleenex box, tracing a boomerang).

During retrieval practice, participants were shown a series of

photographs depicting other people performing a subset of

the actions, and they were asked to think back to when they

performed the actions themselves during the initial study phase.

On a final test in which participants were asked to perform all

of the actions they learned, unpracticed actions from practiced

object cues were impaired relative to unpracticed actions from

unpracticed object cues.

Sharman (2011) investigated whether retrieval-induced

forgetting would occur for complex actions that were either

bizarre or familiar. During the learning phase, participants

executed the actions using a specific object (Bizarre: balancing

a pencil on a cup; Familiar: sharpening a pencil). They

subsequently practiced executing a subset of those actions

in response to a picture of the object cue. Retrieval-induced

forgetting persisted for both bizarre and familiar actions.

Sharman also demonstrated that retrieval-induced forgetting

of complex actions was retrieval specific. Some participants

executed a subset of the actions during retrieval practice, while

others observed someone else doing them. Significant retrieval-

induced forgetting only persisted when participants performed

the actions themselves, due to the fact that passive observation

does not include an active retrieval component.

Tempel et al. (2015) demonstrated retrieval-induced

forgetting for complex actions in the form of dance moves.

During the study phase, participants learned 4 dances,

each comprised of 8 steps. Participants watched a video of

an instructor performing each sequence of dance moves.

While watching, participants were instructed to execute the

movements along with the instructor and memorize the name

corresponding to each dance. In the subsequent practice phase,

participants performed two of the four dances they initially

learned. They watched another video in which the instructor

demonstrated the first twomoves, before prompting participants

to execute the remaining six dance moves themselves. Following

retrieval practice and a distractor task, participants were tested

on all four dances (without a demonstration first). Significant

retrieval-induced forgetting of the dance moves occurred, but

only when participants participated in retrieval practice (not

extra study), thus indicating that retrieval-induced forgetting of

complex actions is strength independent and retrieval specific.
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Inhibition as a domain general
mechanism in cognitive and motor
tasks

As noted above, there is ample evidence to suggest that

retrieval-induced forgetting extends beyond the domain of

verbal memory to include motor responses across multiple

modalities and that this effect persists for representations stored

in both declarative and procedural memory. Furthermore,

inhibition is clearly implicated as the primary mechanism

by which interference between competing motor programs is

resolved in service of facilitating successful retrieval. More

broadly, inhibition can thus be best understood as a domain

general mechanism that operates similarly in cognitive and

motor tasks. It should be noted however, that this assertion

is not new. Thirteen years ago, Anderson and Weaver (2009)

argued that inhibition of motor actions and inhibition that

occurs during selective retrieval operate via similar mechanisms

necessitated by situations that require response override.

According to the authors, response override refers to “one’s

ability to stop strong or habitual responses” (Anderson and

Weaver, 2009, p. 153). In cognitive tasks such as the retrieval

practice paradigm, response override becomes necessary in

order to “retrieve a target memory trace in the face of many

competing memories” (Anderson and Weaver, 2009, p. 153).

In motor tasks, “a stimulus may initiate multiple-compatible

physical actions, only one of which should guide behavior,”

thus contextually-inappropriate actions must be suppressed in

order to facilitate execution of the desired behavior (Anderson

and Weaver, 2009, p. 153). In support of this assertion,

Schilling et al. (2014) found that successful response override

of motor actions via the stop signal task reliably predicted

retrieval-induced forgetting of verbal material when the final

test used appropriately indexed inhibitory processes. That is,

participants completed the stop signal task as well as a standard

retrieval-induced forgetting task with category-exemplar pairs.

In the stop signal task, participants are shown a series of

shapes (i.e., squares, circles) and each shape corresponds

to a particular key on the keyboard. On 75% of trials,

participants are prompted to press the appropriate key when

the corresponding shape appears on the screen. On 25% of

the trials however, participants are prompted to withold their

response. Schilling and colleagues found that participants who

showed superior performance during the stop signal task, as

indexed by faster reaction times, also showed greater retrieval-

induced forgetting. Other cognitive paradigms presumed to

require response override also generalize to the inhibition of

motor responses. For example, Schmidt et al. (2022) utilized

the think-no-think paradigm to (Anderson and Green, 2001)

assess the consequences of intentionally suppressing a subset

of motor sequences on their later recall. In the initial learning

phase, participants studied a series of motor sequences and

learned to associate each sequence with a letter cue. During the

subsequent think-no-think phase, on think trials participants

were trained to think of the associated motor sequence when

presented with the studied cue. On no-think trials, participants

were expressly instructed to suppress the associated motor

sequence and any thoughts related to its execution when

presented with the associated cue. When participants’ memory

was tested for all of the motor sequences, clear suppression-

induced forgetting was present. That is, relative to baseline

motor sequences that were not featured during the think-

no think phase, sequences subject to suppression were more

poorly recalled and executed more slowly. Thus, similar to the

pattern of results observed in the retrieval practice paradigm,

inhibitory suppression of motor responses in the think-no think

paradigm reduced the accessibility of the motor representations

stored in declarative memory and hindered their execution in

procedural memory.

General discussion

Movement is a ubiquitous part of the human experience.

The average adult will walk 75,000 miles–or the equivalent of

216,262,500 steps in their lifetime (Leach, 2022). Even sedentary

individuals who spend most of their time seated in front of a

computer will click their mouse 428 times per day, and complete

6,000 keystrokes on their keyboard within a 24-hour period

(Buchannon, 2022). Unsurprisingly, movement sequences that

are repeatedly generated or practiced will become more easily

recallable, and the time required to execute these sequences will

decrease (Tempel and Frings, 2019). However, such benefits of

retrieval practice are not without costs, provided similar motor

sequences interfere with one another and are thus subject to

interference or retrieval competition. In such cases, unpracticed

sequences from practiced categories are vulnerable to forgetting.

However, such retrieval-induced forgetting is arguably adaptive

and essential for proper functioning of the memory system, as

the inhibitory control processes governing such forgetting allow

for competing, nontarget motor responses to be suppressed so

as to facilitate efficient recall and execution of target responses

(Bjork and Bjork, 1988; Bjork, 1989; Anderson, 2003; Anderson

and Weaver, 2009).

Consistent with this assertion, a multitude of experiments

reviewed above suggest that motor sequences with features

in common such as the hand initiating the movement, the

direction of the movement, or the object pertaining to the

movement, are vulnerable to interference dynamics in both

declarative and procedural memory provided the movement

sequences are organized and stored via this shared cue.

Furthermore, because such forgetting has reliably been shown to

be cue independent, strength independent, retrieval specific, and

competition dependent, the primary mechanism responsible

for this impairment is likely inhibition, and not associative

interference. Finally, converging evidence from the literature
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on inhibitory control in cognitive and motor tasks points to

the critical role of response override in facilitating successful

selective retrieval in declarative memory and suppression of

inappropriate actions in procedural memory.

Aside from adding to the literature on retrieval dynamics in

declarative and procedural memory (Tempel and Frings, 2013,

2014a,b, 2015, 2016, 2017, 2019; Schmidt et al., 2022), what are

the real-world implications of these collective findings? While

the preponderance of studies investigating retrieval-induced

forgetting of verbal, perceptual, and motor information have

been conducted with contrived laboratory tasks, and thus future

research should be aimed at investigating these processes in

more naturalistic settings, the insights reviewed in this paper

may be applicable to athletes, musicians, and anyone who is

highly motivated to learn and properly execute sophisticated

motor actions. While trained body movements that are subject

to repeated practice are likely to be strengthened, as indexed

by superior recall and more efficient execution (Tempel and

Frings, 2019), associated body movements that are not practiced

are vulnerable to forgetting. For example, a pianist may begin

a piece of music by pressing a series of keys on the piano

together in sequence to create a chord. Given the fact that there

are many songs that start with the same chord, this sequence

of keystrokes may become associated with numerous pieces

of music. If the pianist practices one song many times, in

preparation for a recital for example, such repeated practice

may cause forgetting of other songs initiated by the same

sequence of notes (Tempel and Frings, 2013). This impairment

for related movements will only occur if training or practice

procedures include an active retrieval component; observing

others executing the proper movements or restudying the

movement sequence is sufficient to strengthen the movement’s

representation in memory without triggering interference and

the subsequent suppression of related movements (Sharman,

2011; Tempel et al., 2015, 2016). However, practicing without

an active retrieval component may be ill-advised or impractical

in many cases. In instances where active retrieval of a subset

of motor sequences is necessary, adding a training component

in which athletes or musicians review related, unpracticed

motor sequences could reduce or abolish retrieval-induced

forgetting entirely. There is ample evidence to suggest that

relearning related information after retrieval practice eliminates

retrieval-induced forgetting (Storm et al., 2008; Storm and

Soares, 2022). While the effect of relearning on retrieval-

induced forgetting has only been investigated with verbal

materials, given the fact that motor responses are subject

to similar dynamics in memory there are good reasons

to expect similar results for motor sequences. Therefore, if

there is a concern that related motor actions may become

vulnerable to retrieval-induced forgetting after othermovements

are practiced, simple reexposure to these movements may

prevent any forgetting. However, the different consequences of

each type of practice should be considered when developing

training protocols (Tempel and Frings, 2015; Tempel et al.,

2015).
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