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Abstract | Accurately retrieving information from memory boosts later retrieval. However,

retrieving memories can also open a window to errors when erroneous information is retrieved

or when new information is encoded during retrieval. Similarly, the process of retrieval can
influence recall of related information, either inhibiting or facilitating it depending upon the
situation. In addition, retrieving or attempting to retrieve information can facilitate encoding
of new information, regardless of whether the new information is correct or incorrect. In this

Review, we provide selective coverage of the influences of memory retrieval in three distinct
arenas: effects on the retrieved information itself, effects on retrieval of related information, and
effects on information encoded just after an event is retrieved. Consideration of both positive
and negative effects of retrieval in these three domains is critically important to understanding
the complexity of retrieval processes and their effects. We discuss episodic context as a

conceptual umbrella relevant to all these retrieval effects and note key directions for future

research.

Retrieval, the act of accessing information from memory,
is one of the most important aspects of human learning
and remembering'. Information that is encoded and
stored but not retrieved has little use to the cognitive
system. Being able to retrieve memories allows one to
use stored knowledge for many purposes — including
to pursue plans and behave in a goal-directed fashion, to
possess a sense of self across time, and to establish and
maintain social connections with others’. Retrieval can
take the form of recall, in which one searches memory for
a specific piece of information and is able to produce it.
Going to the grocery store without a shopping list and
suddenly remembering to buy artichokes for dinner is
an example of successful recall. Retrieval is also involved
in recognition, as when a person judges that they have
seen or encountered something before. Hopping on the
bus and identifying a familiar face as an acquaintance
from work is an example of successful recognition. Thus,
recall involves production of information from mem-
ory, whereas recognition involves remembering that a
presented event has occurred previously.

The learning and memory process consists of four
stages, with retrieval as the final stage (FIG. 1). The life
of a memory starts with encoding, a process in which
information enters the cognitive system through direct
experience. Information is encoded together with the
context in which it was encountered, such as the time,
features of the environment and the person’s concurrent
thoughts and moods™. Subsequently, the information,
together with these contextual links, can be stabilized

or consolidated and then saved (stored) in memory.
The fourth stage is retrieval, in which memories are
brought back into conscious awareness. Retrieval can
be expressed overtly, with an external expression of the
memory (saying it or writing it), but it can also happen
covertly, in thoughts only. Retrieving information from
memory is assumed to (partly) reactivate contextual
features of the original experience, owing to the con-
nections forged between the information and the sur-
rounding context at the time of encoding. Similarly,
being in an environment that shares features with the
original encoding context can also facilitate retrieval
of the information®®. The encoding specificity princi-
ple states that retrieval will be better to the extent that
the features (cues) encoded from the environment dur-
ing retrieval overlap with the features extracted during
encoding’.

To some degree, encoding, consolidation and stor-
age occur for every event that one experiences (with a
sufficient degree of attentiveness) in daily life. Consider
grabbing a quick cup of coffee somewhere in the neigh-
bourhood. The experience is initially encoded, along
with further contextual information, such as the weather
or your thoughts while waiting for the coffee. As time
passes, the experience is also consolidated and stored
in memory, such that you could remember it a couple
of days later, for example, if someone asks whether you
have been to this specific café. Over a lifetime a person
will encode, consolidate and store perhaps millions of
events. However, the vast majority of those events, even
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Fig. 1| Four stages of memory. After initial encoding, memories are consolidated,
stored in memory, and then retrieved. According to some accounts, consolidation
processes are repeated after retrieval (reconsolidation).

if initially well stored, will never be retrieved. Retrieval
is the requirement for past experience to have an impact
in the present.

The act of retrieval is not a neutral process, because
it influences and also partly changes what is remem-
bered. Indeed, retrieval has complex and multifaceted
effects, both positive and negative, on later remember-
ing. Researchers often simplify the study of retrieval by
focusing on one specific effect (for example, the effect of
testing or retrieval practice®) and ignoring others.

In this Review, we consider three aspects of retrieval
from memory, each with both positive and negative
effects. First, we examine the consequences of retriev-
ing information from memory on future retrieval of
the same information. Depending on the circum-
stances, these effects can aid or distort future retrieval
of the information. Second, we review the effects of
retrieving information on the ability to recall related
information, describing retrieval-induced forgetting
and retrieval-induced facilitation. Third, we consider
the dual effects of retrieval on future encoding of new
information, discussing test-potentiated learning and
retrieval-enhanced suggestibility. These three facets of
research are critically important to understanding the
double-edged sword of retrieval, or how the same pro-
cess can have positive or negative consequences depend-
ing on the circumstances. Finally, we discuss a possible
theoretical connection between retrieval effects in terms
of context and propose promising future directions for
research.

Effects on retrieved information

Imagine you go to a movie and shortly afterwards you
meet a friend for coffee. She asks you to tell her about
the movie, so you spend ten minutes retrieving and
explaining the plot. Although it might seem simple, this
initial act of retrieval has consequences for your memory
of the movie, influencing how you retrieve it on subse-
quent occasions. These consequences of retrieval on the
information being retrieved are the topic of this section.

Enhancing memory via retrieval. The act of accurately
retrieving information at one point in time increases
the likelihood that the information will be accurately
retrieved at a later point in time”'°. This phenomenon is
referred to as the testing effect — because tests of mem-
ory require retrieval — or the retrieval practice effect.
This effect is often examined with verbal materials, such
as textbook passages or vocabulary pairs, but has also

been observed for other types of material, including
nonverbal ones such as visuospatial locations on a map
or colour gradients'"'”.

Studies of the retrieval practice effect include a com-
parison condition in which participants do not engage
in any retrieval practice or in which they engage in some
other kind of practice with the information such as a
rereading or restudying the material®" (FIC. 2a). In such
a control condition, participants are re-exposed to the
same information that participants in the retrieval prac-
tice condition retrieve. However, usually the retrieval
practice condition confers much greater benefits than
the control condition. The retrieval practice effect is even
more pronounced if participants in the retrieval condi-
tion are given feedback on their failed retrieval attempts.
The retrieval practice effect also often occurs more
strongly when the final test is delayed (often by 1-7 days)
rather than conducted immediately after practice™'. In
fact, repeated rereading (a control condition) can lead
to greater benefits than retrieval practice without feed-
back on a test given immediately after practice. In addi-
tion, retrieval (relative to rereading) sometimes leads to
greater transfer when the same information is needed in
a novel circumstance'>'%, although not always'”'*.

The retrieval practice effect is often studied in the con-
text of education, in an attempt to understand the condi-
tions that are most advantageous for efficient learning.
Retrieval practice effects are of particular importance
for applied educational contexts, in which evaluation
of learners often relies on assessing how well previously
studied information can be retrieved later on. Reviews
and meta-analyses of retrieval practice effects consist-
ently show the power of retrieval in enhancing long-term
retention'”-*. This evidence is backed up by studies in
classrooms and similar applied settings (for reviews and
meta-analyses of this applied work, see REFS."*-52),

Although retrieval practice effects are generally
positive relative to control conditions that do not
involve retrieval, different types of practice test result in
different-sized effects. According to one meta-analytic
review, when initial test performance was high or when
corrective feedback was provided, free recall practice
tests produced the greatest retrieval practice effects
(g=0.81), cued recall practice tests produced some-
what less of an effect (g=0.72), and recognition prac-
tice tests produced a smaller (but still highly reliable)
effect (g=0.36) relative to restudy control conditions®.
However, other meta-analytic reviews that focused on
applied educational settings and classroom learning
reported that practice quizzes in the form of multiple
choice recognition tests can also produce medium to
large retrieval practice effects (¢g=0.57 (REF*') and g=0.70
(REF."), respectively). One of these meta-analyses also
found similar effect sizes irrespective of whether practice
formats relied on recall or recognition (g=0.52 in both
cases)”. One study found that true—false retrieval prac-
tice tests combined with correct-answer feedback can
produce a retrieval practice effect (on final short-answer
as well as true—false tests) of about the same size as
multiple-choice tests do (d=0.67, relative to a rereading
control condition)”. On the one hand, a retrieval prac-
tice effect might be expected from both types of test;
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true—false and multiple-choice tests both involve recog-
nition of the information learned. On the other hand,
a testing effect for true—false retrieval practice relative
to rereading might be surprising because participants
reread the critical true items in this format just as they
do in the rereading condition. Deciding on and selecting
the correct answer (relative to rereading alone) seems to
provide a boost to later retention.

If retrieval attempts are spaced apart in time, rather
than immediately adjacent, the testing effect increases®.
Thus, a critical factor for implementing effective
retrieval practice is the spacing of practice tests”. For
instance, one study showed a 200% benefit of spaced
retrieval practice relative to back-to-back retrieval prac-
tice for Swahili-English word pairs®. An early study
showed that expanding retrieval practice (providing a
longer time between each subsequent practice test) led
to greater recall later on a final test given shortly after
practice, relative to retrieval practice spaced at equal
intervals. However, later research, although replicating
this procedure and result on an immediate test, showed
that equal-interval retrieval produced greater gains
than expanding retrieval on a delayed test, a result rep-
licated several times”*’. These results were obtained
with relatively short retention intervals, even for the
delayed test. Other research indicates that an expanding
retrieval schedule might be more beneficial for much
longer intervals, such as ones used in real-life situations
outside an experimental context (days and weeks rather
than minutes)*"*”. The optimal level of spacing probably

a Enhancement
Testing effect paradigm

depends on the type and complexity of the materials and
the skills of the learner.

Several theoretical accounts have been proposed to
explain the retrieval practice effect, but no consensus has
been reached. Retrieval-related enhancement has been
attributed to transfer-appropriate processing. Retrieval
practice is more similar to subsequent retrieval than
re-reading (or other control condition processes) is to
retrieval, which might provide direct benefits of transfer.
In effect, the mental processing necessary during prac-
tice might carry over to the mental processing necessary
at a later test'*”’. However, enhancement has also been
ascribed to the greater mental effort necessary during
retrieval practice relative to other practice formats**, or
to more elaborative semantic processing of the materi-
als during retrieval practice relative to other formats*-**.
Retrieval practice seems to enhance mostly what is called
item-specific processing (that is, processing of individ-
ual pieces of information) and provide less relational
processing (processing that connects different pieces of
information). That is, retrieval practice often occurs for
individual pieces of information and when it does, there
is no benefit to overall organization across those pieces of
information, which would require relational processing.
However, if retrieval practice occurs on a whole set of
material, as occurs in free recall tests where participants
try to recall a set of information such as a list of words
that was recently presented to them, then retrieval prac-
tice does aid later organization in recall, because success-
ful free recall induces relational processing™*. Another
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Fig. 2 | Retrieval effects on the retrieved information. a| A typical retrieval practice paradigm®'°. Participants study
some information and then engage in either retrieval practice or restudy of that information. When a final memory test
is conducted after a delay, participants who engaged in retrieval practice display enhanced memory relative to those
who did not. b | A typical memory modification paradigm®*-*°. The reconsolidation paradigm consists of three sessions,
separated by long delays (for example, one week apart). In session 1, participants study original materials. In session 2,
some participants retrieve memory for the original materials and some participants additionally receive a further
manipulation (for example, being asked to study a new set of materials). On a final test in session 3, memory for the
original materials is often impaired when reactivated and paired with a further manipulation (here, interference).
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proposal is that retrieval practice might reactivate the
episodic context associated with the studied information
and update it to include features of the practice context
as well. This updated context could then serve as a more
efficient retrieval cue during subsequent attempts to
remember the information'~* (but see REF**).

The act of accurate retrieval makes future accurate
retrieval of the same information more likely. Practicing
retrieving information from memory is as important
or more important than additional efforts to store
the information. In summary, describing the plot of the
movie you just saw to your friend makes it more likely
that you will also be able to recall it on future retrieval
occasions.

Modifying memory via retrieval. If an error creeps into
your description of the movie, a retrieval practice effect
can also occur for the erroneous information. Thus, that
error might be remembered as part of the plot in the
future. The more the error is repeated in overt or covert
retrieval (for example, when thinking about the movie
and telling the story to yourself), the more it will become
a part of your memory for the movie®.

The misinformation paradigm was introduced to
study the memory effect of new information introduced
after the to-be-remembered event. For example, in one
famous study™, all participants watched a video of a car
running a stop sign. Later, some participants were asked
“How fast was the car going when it passed the yield
sign?” while others were not. The yield sign question
required retrieval but also provided misinformation —
the original sign was a stop sign, not a yield sign. When
participants who were asked this question were later
asked whether the sign at the intersection was a yield
sign or a stop sign, they were more likely to incorrectly
retrieve that the original video included a yield sign than
participants who did not receive this misinformation.
The act of hearing about the erroneous information
about the sign increased recall of misinformation on
a later test, relative to a condition that did not receive
misinformation”. In addition, the act of recalling mis-
information on a first test boosts its later recall on a sec-
ond test — a retrieval practice effect for misinformation.
We will revisit the misinformation paradigm below in a
different context.

Retroactive interference refers to the interfering
effect of learning later information on recall of infor-
mation already learned. For example, if you learned a
poem perfectly and then learned a second poem per-
fectly, recall of the first poem would be impaired (relative
to a control condition that did not involve new learning).
The misinformation effect provides another example
of retroactive interference in a more naturalistic para-
digm than learning poems, although the principles are
the same.

A similar effect to retroactive interference in the
misinformation paradigm has also been studied using
animal models (typically mice or rats). Within this
research tradition, an original learning experience
is consolidated and stored in memory, resulting in
a long-lasting memory trace. During retrieval, the
memory trace is consulted but was not thought to be

changed®. However, ‘reconsolidation’ is the idea that
when a memory is retrieved, the memory trace becomes
labile again and is subject to modification in the period
of re-stabilization®='. Reconsolidation was initially
examined in animals, with chemical agents applied as
manipulations. In one prominent study™®, after being
conditioned to fear a particular stimulus (with an elec-
tric shock), rats were presented with the stimulus as a
reminder of the fear to bring the memory back into an
active state and then injected with anisomycin, which
inhibits the protein synthesis necessary for memory con-
solidation. After this treatment, the rats would show less
or no fear response when confronted with the stimulus
again. Thus, reactivating the memory made it susceptible
to modification, with a protein synthesis inhibitor pre-
venting its renewed stabilization, thereby eliminating the
fear memory. The neurobiological processes underlying
reconsolidation in fear conditioning involve the amyg-
dala in interaction with the hippocampus. The idea is
that the reminder of the memory and its retrieval leads
to the memory trace becoming active and labile, so that
interventions can disrupt the original memory (for a
review, see REF’).

There is evidence for similar reconsolidation processes
in humans, which again reveals how retrieval can influ-
ence memory. In a typical study, participants complete a
three-session paradigm (FIG. 2b). After studying materials
in a first session, a fairly long retention interval (of the
order of an hour or more) ensues before the second ses-
sion, ensuring consolidation of the initial memory. Next,
a subset of participants retrieve and therefore reactivate
memory for the original material, and then a further
manipulation occurs for all participants (for example,
learning of new material). At a third and final session
after another longer retention interval (hours or days),
memory is assessed for the originally studied materials.
Additional learning after the memory has been retrieved
reduces performance relative to conditions without reacti-
vation. This result is considered an expression of memory
modification and updating™~, as are intrusions — errors
that involve retrieving the new material when trying to
retrieve the original material®’. The reactivation of the
original memory in the second session opens up a window
for it to be modified and affected by new material.

However, the literature on reconsolidation and updat-
ing effects in humans is mixed. Few data are available
on whether different types of memory reactivation are
equally likely to result in modification or updating®®.
Some studies have used recall tests to reactivate original
memories, but others have used subtle reminders of orig-
inal encoding situations instead”’, which are not likely to
entail retrieval of specific encoded information. Another
issue is that certain manipulations found to modify
memory in one study could not be repeated in similar
studies**®'. A meta-analysis found reactivation-induced
changes in episodic memory with a mean effect size of
d=0.29 (REF).

More studies are needed to understand better what
types of memory retrieval might result in memory
modification and updating, and under what conditions.
Indeed, it has also been argued that some of the updat-
ing effects observed in humans might not be due to a
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neurobiological process of reconsolidation, although
others clearly are. Another account of reconsolida-
tion is provided by context updating®-**. Similar to the
context-based explanation for the retrieval practice effect,
retrieval during session 2 might reactivate the episodic
context present during session 1 and update the context
to include features of the episodic context of session 2
as well. During session 3, when participants finally
engage in remembering the original session 1 materials,
the updated encoding context might serve as a retrieval
cue and prompt recall of information from both sessions 1
and 2, which could explain increased intrusions from
interfering materials encoded during session 2. In both
biological and more psychological accounts, proponents
of reconsolidation argue that every time a memory is
retrieved, an opportunity occurs for new information to
be encoded. Reconsolidation can either enhance mem-
ory for the original experience (as in the retrieval practice
effect studies reviewed earlier) or permit misinformation
to be introduced®.

In the misinformation and reconsolidation para-
digms, both the correct information and the erroneous
information are presented to the participant. Another
paradigm results in a similar effect without present-
ing any misinformation, because the participant pro-
duces the erroneous information themselves®. In the
Deese-Roediger-McDermott (DRM) paradigm, par-
ticipants are shown lists of related words (such as ‘bed;,
‘rest, ‘awake, ‘tired’ and ‘dream’) that are all related to a
critical word that is missing from the list (in this case
‘sleep’)® . In a later test, participants tend to falsely
recall and recognize the critical word (‘sleep’) at very
high rates. Furthermore, the more recall opportunities
that participants are given, the more likely they are to
recall correct words and the incorrect critical word on
a final test given at some later point. The upshot is that
if a person erroneously recalls an event a few times, the
erroneous memory seems to be stamped in and have
the same mental status as information accurately
recalled. The retrieval practice effect therefore occurs
for both accurate and false recall.

In summary, repeated retrieval provides an oppor-
tunity for errors to creep into recollections of events.
When someone retrieves events long after their occur-
rence, current context can re-shape the recollections.

Box 1| The inhibiting effects of recall

The idea that interference in memory is due to ‘response competition’ is quite old***.
In one example paradigm, one group of participants in the USA studied a list of 25 USA
states while another such group read an unrelated text®’. Each group was then given
ten minutes to recall the names of all the states. If recall is purely self-propagating, then
participants in the group that had studied a subset of the states would have a head
start; the boost in recall for the studied states should lead to greater recall of the other
25 states. However, recall of non-list states was worse for the study group than the
control group. In further experiments, this effect was replicated with UK students
studying some of the counties of England before attempting recall of the entire set™.
From these results, it was argued that multiple acts of retrieval are analogous to
sampling with replacement, in which each item’s likelihood of being selected is based
on its strength. Successful study and retrieval of an item increases its strength in memory,
so that already-retrieved items are likely to be retrieved again when participants are
trying to retrieve further items. Rather than propagating and improving retrieval of
related information, recall of some items can inhibit or block recall of related items.

The memory traces of past events have been referred to
as ‘restless’®, becoming stronger, weaker or altogether
different as they are repeatedly retrieved.

Effects on related information

Retrieval from memory often does not include
everything that could be retrieved; people tend to focus
on what is most important or most relevant given their
current goal or situation. For instance, eyewitnesses to
a crime might initially focus on reporting details of the
crime itself while neglecting to report less focal aspects
of the witnessed scene such as the clothes the perpetra-
tor was wearing. Similarly, friends reminiscing about an
event from their shared past might focus on the most
pleasant and enjoyable aspects while avoiding embar-
rassing or stressful details. Early research suggested neg-
ative effects of selective retrieval, whereas more recent
research suggests that selective retrieval can benefit
recall of related information under certain conditions.
We begin by reviewing negative effects of selective
retrieval, and then move on to positive effects.

Self-limiting retrieval. A rather intuitive assumption is
that memory retrieval, once successfully initiated, should
progress naturally, with each remembered event increas-
ing the chances of remembering associated events.
However, early findings indicated that successful recall
of one piece of information restricts subsequent recall of
related information. In short, retrieval is a self-limiting
process®>’’.

The first studies of the self-limiting nature of retrieval
provided evidence for recall interference (also known
as output interference)”'~”*. These terms refer to the
probability of successful recall declining with preceding
retrieval of different information. When recalling mul-
tiple items, items that are cued to be retrieved later in a
test are less likely to be retrieved successfully than items
cued to be retrieved earlier in a test. This pattern was
initially reported using paired associates — that is, pairs
such as single digits with words (for example, 6-rose,
4—chair, 9-termite) as study materials” with the test pro-
viding just the numbers in a random order. However,
the same effect also holds for semantically categorized
materials such as examples of furniture (such as desk,
table, or bureau), of sports (such as tennis, soccer, or
basketball) and of trees (such as oak, pine, or sycamore).
In the test, the category names are provided in a random
order for recall of items within the categories’”*. Output
interference also occurs with lists of unrelated words™
and facts®7.

Output interference has mostly been attributed to
a theory called strength-based blocking’®””. Successful
retrieval of some items early in the test strengthens these
items in memory. Later in the test, when trying to recall
related information, the already retrieved and strength-
ened information continues to be retrieved, effectively
blocking access to the (unstrengthened) remaining
information (BOX 1). Output interference has most fre-
quently been examined in cued recall tests but can also
arise on recognition tests”” (FIC. 3a).

Another line of research also suggests that selective
retrieval negatively influences retrieval of related
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a Retrieval limits itself

Output interference task without contextual change

Typical finding

Study phase Immediate memory test Recall of target information
“Complete initial letters with
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Fig. 3 | Retrieval effects on related information. a| A typical paradigm demonstrating how retrieval limits itself.
Participants study a list of unrelated words and then immediately complete a memory test. Here, they are provided with
the initial letters of some words and asked to complete them using the words from the study phase. Importantly, cues are
presented such that target information is recalled either right at the beginning of the memory test (grey) or at the end

of the test (blue), after retrieval of the remaining nontarget information. Memory for the target information is usually
worse after a nontarget retrieval, suggesting that retrieval might limit itself. b | A typical paradigm demonstrating how
retrieval propagates itself. When contextual change is prompted after a list of unrelated words was studied (for example,
by introducing a prolonged retention interval, or by triggering a substantial change in mental context), preceding retrieval
of nontarget information can increase subsequent recall of target information. Figure modelled after REFS.*%7",

information. In a phenomenon known as retrieval-
induced forgetting, repeated retrieval of a subset of pre-
viously studied information can prompt forgetting of
related information, even when memory is assessed a
short time later**-*”. Consistent with the retrieval practice
effect literature, repeated retrieval enhances memory for
the directly practised items relative to a control condi-
tion without any practice — but also impairs memory for
items related to the practised materials. Retrieval-induced
forgetting is often examined with semantically catego-
rized study materials, such as types of fruit®, but has also
been demonstrated for other types of information that is
grouped during study®, for autobiographical memories*,
in eyewitness scenarios® and in social settings with
exposure to other people’s retrieval®’. Regarding mem-
ory for real-world events, retrieval-induced enhancement
for practised contents seems to be maximized by repeat-
edly practicing only very specific information, whereas
retrieval-induced forgetting of related information might
be maximized by practising retrieval of as much related
information as possible®.

One proposed explanation of the impairment in
retrieving related items is that forgetting might be
caused by inhibitory control processes that operate dur-
ing practice to resolve interference arising from related
information in memory. That is, in order to search for

one target word, other competing words in memory
must be inhibited®**. Similar to output interference,
retrieval-induced forgetting has also been attributed
to strength-based blocking””!, with some authors
arguing that blocking and inhibition might both play
a part in producing the effect’”. Another proposal is
that retrieval practice might prompt a change in men-
tal context, resulting in distinct contexts for the initial
study phase and the practice phase. When some prac-
tised information is produced at test, the context related
to that information becomes highly accessible. Related
but unpractised information is not associated with the
practice context, and the contextual mismatch results in
lower recall of this information”*® (but see REFS.”*~%%).

Together, the findings on output interference and
retrieval-induced forgetting consistently show that
retrieval of some information is detrimental to and limits
the retrieval of related information. However, retrieval
does not always limit itself — it can have the opposite
effect and propagate recall of related information under
certain conditions.

Self-propagating retrieval. The notion that memory
retrieval can propagate itself (known as retrieval-
induced facilitation) is a natural progression of the work
on retrieval-induced forgetting. Using educationally
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relevant prose passages as study materials, selective
retrieval practice created facilitation effects for related
but untested materials, relative to a control condition
without any intermittent practice”. These facilitation
effects emerged after relatively long retention intervals
of 24 hours between selective retrieval practice and a
final memory test. The largest benefits of retrieval prac-
tice still occurred for directly practised information but
related information also benefited with this long delay.

Follow-up studies'”'*" examined why selective
retrieval practice sometimes creates forgetting and
sometimes facilitation for related materials. Two poten-
tially critical factors seem to be the degree of integration
among studied information and the retention interval
between selective retrieval practice and the final test. In
particular, retrieval-induced facilitation for non-tested
materials only emerged if study materials were presented
in a coherent (rather than random) order and when the
final memory test was conducted after a long retention
interval of 24 hours or even 7 days (rather than after a
shorter interval of 20 minutes). Importantly, if only a high
integration of study materials or a longer retention inter-
val was implemented, selective retrieval practice created
no facilitation relative to a no-practice control condition.
If integration of study materials was low and only a short
retention interval was placed before the final test, selec-
tive retrieval practice resulted in retrieval-induced forget-
ting of the related materials. Thus, semantic integration
as well as the delay interval between selective retrieval
practice and a final test modulate whether selective
retrieval limits or propagates itself.

A second line of work suggesting that memory
retrieval can propagate itself refers to the ‘two faces’
of selective memory retrieval. This approach stresses
the relevance of context retrieval for modulating the
consequences of selective retrieval'””. A basic tenet of
many computational models of memory is that inform-
ation is encoded and stored together with aspects of
the temporal context in which it was encountered”.
Temporal context can comprise external, environmen-
tal aspects surrounding the individual, as well as inter-
nal aspects, such as moods, thoughts and other mental
activity. Context retrieval refers to the idea that recall
of a memory partly reinstates or brings back the con-
text that was present when the memory was formed, and
that such retrieval can aid and prompt recall of other
related memories that were encoded in temporal prox-
imity'*>'”", Classic work on retrieval as a self-limiting
process mostly examined retrieval under conditions
that did not make context retrieval necessary, because
relatively short retention intervals were used and hardly
any contextual change occurred between encoding
and retrieval'®.,

A series of studies used unrelated lists of words
as study materials and specifically varied contextual
change across encoding and retrieval (for example, by
placing longer retention intervals between initial encod-
ing and selective retrieval practice, or by triggering
post-encoding contextual change through imagination
and directed forgetting tasks™ """ (FIG. 3b). The results
consistently showed two opposing effects. On the one
hand, selective retrieval of some list items prompted

forgetting of the remaining items when there was hardly
any contextual change between study and test (for exam-
ple, after short delays). On the other hand, selective
retrieval propagated recall of the remaining items when
higher levels of contextual change were evoked (for
example, after long delays or after instructions to forget
or engage in imagination tasks). These patterns suggest
that selective retrieval is associated with inhibition and/
or blocking as well as facilitation from context retrieval
or reinstatement. Which of these processes dominates
at a given point in time might depend on the degree of
contextual overlap between the test and the encoding
context. When hardly any contextual change has occurred,
overlap is high and inhibition and/or blocking might
operate to resolve interference among pieces of informa-
tion, limiting retrieval of further information. With sub-
stantial contextual change and low overlap, the potential
for interference might be low and context retrieval
helps to reinstate the original encoding context, thereby
propagating retrieval of further information'*>'".

In sum, findings on retrieval-induced facilitation and
the ‘two faces’ of selective memory retrieval show that
partial retrieval does not always have detrimental conse-
quences for retrieval of related information but can also
enhance it. The latter findings might not only be a relief
to anyone who engages in selective retrieval in daily life
(for example, eyewitnesses, or friends reminiscing about
the past), but might also reconcile the scientific literature
with intuitive expectations regarding selective retrieval.

Effects on subsequent encoding

We have reviewed the effects of retrieval on memories
that were already encoded beforehand. However, mem-
ory retrieval can also impact subsequent encoding and
learning. As a student, you might have studied hard
for an organic chemistry exam and then, after the test,
tried to banish the topic from your mind to study for
an upcoming history exam. Perhaps surprisingly, the
act of taking the chemistry test can improve the effi-
cacy of subsequent history studying, for both accurate
and inaccurate facts. Once again, these indirect effects
of memory retrieval can be grouped into beneficial
and detrimental effects: test-potentiated learning and
test-enhanced suggestibility.

Test-potentiated learning. Memory tests can not only
increase memory for the retrieved information, but also
enhance subsequent new learning, a finding referred
to as test-potentiated learning or the forward effect
of testing'®~'!!. After unsuccessful retrieval attempts,
restudy or relearning opportunities for the original
information make it easier to relearn. More attempts
to retrieve the original information potentiate what
can be gained from restudying it, relative to conditions
with fewer (or zero) retrieval attempts''*-''*. Indeed,
benefits of initial retrieval attempts can even emerge
when successful retrieval is made impossible by use of
vague cues'' >,

Test-potentiated learning also occurs for completely
new learning that is unrelated to the retrieved informa-
tion. For instance, in a learning task with unrelated lists
of words, if retrieval practice is interpolated after each
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studied list, memory is increased for a subsequently
studied list, relative to control conditions with interpo-
lated restudy or other non-retrieval activities (FIG. 4a).
Test-potentiated new learning has been demonstrated
with unrelated lists of words and word-word paired
associates'”’'", prose texts'”’ and lecture videos'*"'%.
Test-potentiated learning has clear relevance for
applied educational contexts, in which learners often
face sustained periods of encoding new information. For
instance, students encounter many new facts in multiple
different subjects across the school day. Interpolated tests
(for instance, after each class) might help to better seg-
regate different information from each other and there-
fore provide benefits for learning of new materials in the
subsequent class. However, this particular claim has not
been tested in a classroom situation. Within a specific
class, interpolated retrieval practice can be beneficial
for maintaining attention and encoding capacities for
materials across different class sections'”'. An issue that
has not yet been examined is whether test-potentiated
learning wears off with repeated and maybe even routine
use in classrooms and other real-life learning contexts.
There are multiple accounts of the cognitive mech-
anisms behind test-potentiated learning in the litera-
ture'”-'"'. One proposal is that interpolated retrieval
increases contextual change and thereby results in better
contextual segregation of all studied sets of materials. Asa
consequence, proactive interference, or interference from
previously studied information, might be reduced, which
facilitates memory for subsequently studied new infor-
mation, such as the history text in our example''®!'%!%3,
Another proposal is that interpolated retrieval might

a Test-potentiated learning
List-learning task with interpolated practice

Study Study Study
List 1 List 2 List 3

Cloud Recall Cat Recall Towel
Pan list 1 Ship list 2 Book

Gum Bowl Storm
Barn RT.sttuldy Lily RT_sttuzdy Pepper

Cocoa = Opera > Door

Distractor Distractor

b Test-enhanced suggestibility
Misinformation task with interpolated practice

Original event Misinformation

4

Recall the event

Distractor

Read narrative of
original event that
contains misinformation

Watch video
of acrime

directly influence new encoding. For instance, interpo-
lated retrieval might trigger a reset of encoding processes,
which enhance and sustain attentional capacities across
a series of study cycles and therefore maintain encoding
efficiency''*'?'. Alternatively, the experience of previous
memory tests might encourage learners to switch to more
effective or elaborative study strategies when asked to
engage in additional learning later on'**"'*. These and
similar changes in encoding might then directly mediate
test-potentiated learning of new information.

Test-enhanced suggestibility. In addition to the positive
effects of retrieval improving learning for subsequently
presented accurate information, memory retrieval also
enhances learning of subsequently presented misinfor-
mation. This misinformation can potentially result in
distortion of the originally encoded memories, known
as test-enhanced suggestibility.

Research on the misinformation effect’®'”, discussed
above, has consistently shown that memory for an orig-
inally witnessed event can be altered when new infor-
mation is encountered. Importantly, the misinformation
effect not only occurs for plausible details added to the
original event, but also for information that directly
contradicts what was originally encoded**'**'*. That is,
if the criminal used a knife in a robbery (as originally
shown to participants), the misinformation might say
he used a screwdriver. However, if the contradiction
provided by new information is sufficiently blatant,
the misinformation actually causes better recall of the
original information than when no misinformation is
present'™. In addition, for information that is correct in

Typical finding

With interpolated
retrieval

With interpolated
distractor

Test
List 3 List 3 recall
i Q
; I
All g
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Fig. 4 | Retrieval effects on subsequent encoding. a | Typical paradigm demonstrating test-potentiated learning''®!*°.
Participants study several unrelated lists, with interpolated practice in the form of recall, restudy or a distractor task after
each list. Memory for the final target list is usually enhanced after interpolated recall, relative to after restudy or after
distractor tasks between lists. b | Test-enhanced suggestibility in a typical misinformation paradigm'**'*, Participants
encode an original event, for instance by watching a video of a crime, and then either recall the event or engage in an
unrelated distractor task before being exposed to misinformation about the original event. On a final test, participants
who completed the interpolated recall test recall higher amounts of misinformation.
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Table 1| Three opposing effects of memory retrieval

Information Positive effects Negative effects

affected

Retrieved With accurate retrieval (recall ~ The act of retrieval opens a

information or recognition), later retention  window for possible changes
isimproved in memory from both external

and internalinfluences
Related In some circumstances, the The act of retrieval can inhibit
information act of retrieval can lead to recall of related information

retrieval of related information under other conditions

To-be-encoded The act of retrieval can The act of retrieval can
information facilitate encoding of facilitate encoding of
additional information misinformation

the narrative, recall or recognition is improved on the
final test, another case of test-potentiated learning.

Parallel to findings on test-potentiated learning, sev-
eral studies indicate that interpolated retrieval practice
after initial encoding of an event can also enhance mem-
ory for post-event misinformation'*'-'**. Participants
complete a typical misinformation paradigm, but after
encoding the original event and before encountering
misinformation, some take a test on the witnessed event
whereas others engage in unrelated distractor activities.
Critically, interpolated retrieval from the test enhances
the encoding of misinformation, leading to higher rates
of adopted misinformation or a greater misinformation
effect (FIG. 4b). Interpolated retrieval practice therefore
seems to increase suggestibility. Returning to the applied
eyewitness scenario, initial police interviews or retell-
ings of the event might make eyewitnesses to a crime
more vulnerable to encoding later misinformation about
the event.

Test-enhanced suggestibility can be conceptualized as
test-potentiated learning of misinformation. Thus, some
of the potential mediators of test-potentiated learning
might also act as potential mediators of test-enhanced
suggestibility'*°. For instance, the proposals that retrieval
can maintain attentional encoding efficiency or trigger
switches to more optimal encoding strategies could
also account for why interpolated testing might lead to
retention of post-event misinformation. Some additional
accounts that are more specifically aimed at explaining
test-enhanced suggestibility have also been proposed.
For instance, reconsolidation processes have been sug-
gested to play a role: retrieval of the original memories
could leave them in a labile state and susceptible to retro-
active interference from misleading information in the
form of misinformation'”. Further ideas are based on
the view that retrieval could change how post-event
misinformation is taken in. Retrieval might increase the
perceived credibility of post-event misinformation'*’
or might directly change how post-event information
is processed and encoded'**'*>"*, These and similar
theoretical accounts are still being debated.

Test-enhanced suggestibility is of clear relevance to
eyewitness scenarios. Because inaccurate eyewitness
testimony can have grave consequences, it is vital to
understand under what conditions interpolated tests
(for example, in the form of police interviews) increase
susceptibility to post-event misinformation. Some studies

in the literature provide a counterpoint to the work on
test-enhanced suggestibility. Several studies suggest that
retrieval does not necessarily render memories more
susceptible to retroactive interference but can actually
protect them from the detrimental effects of subsequent
encoding. That is, retrieval practice of the original infor-
mation seems to reconsolidate it and make it less likely
for misleading information to be acquired'*'*'. Similarly,
a number of other studies reported patterns quite oppo-
site to test-enhanced suggestibility, with retrieval practice
protecting memories from misinformation and social
contagion effects'**~'*°. More work is necessary to clarify
when retrieval distorts and when it protects memories for
originally encoded information.

The work on test-enhanced suggestibility shows that
test-potentiated learning can result in clear-cut benefits
for memory but also in memory distortions. As with
our previous two contrast pairs, effects of retrieval on
subsequent encoding can become detrimental when
new encoding consists of misinformation. To follow
the earlier example, if you study some inaccurate his-
tory material after taking your organic chemistry exam,
you might end up remembering more of the history
material — including the inaccuracies.

The role of context in retrieval

The phenomena reviewed here demonstrate how the
same manipulation can have positive or negative conse-
quences depending on the circumstances (TABLE 1). The
opposing effects might seem paradoxical and they are
not yet fully understood. However, these effects can all
be linked to episodic context, lending a potential theor-
etical framework for understanding retrieval-related
enhancement and hindrance.

Almost all of the effects considered in this Review
share theoretical accounts involving episodic con-
text. Context fluctuates naturally with the passage of
time, owing to changes in environment, mood and
thoughts'*>'¥, and it is often an effective retrieval cue
for later recall of encoded information®®. A central
assumption is that context from one situation to another
generally differs more as time passes. Theoretical pro-
posals regarding context often build upon computational
models that explore search processes in memory and
stress the role of context™'*’ (for an overview, see REF.'*).
The concept of search in these models is of attention
directed inward, examining a network of connected
memory nodes. Memory models include the assump-
tions that retrieving a memory reinstates the context
present during encoding and updates it to include fea-
tures of the retrieval situation'***>*°. Moreover, some
models assume that engaging in memory retrieval
can increase contextual change above and beyond the
gradual fluctuation of context with time'*>">'.

Expanding the assumptions from these memory
models leads to potential explanations of how context
creates both negative and positive effects of retrieval.
The episodic context account of the retrieval practice
effect*? is based on some of these assumptions. When
memories are recalled during retrieval practice, the
original episodic context is assumed to be reinstated
and updated with the new context present during
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retrieval. On a final test, when retrieval is attempted a
second time, both the original encoding context and the
updated practice context aid the search process. The act
of retrieval on a first test permits greater encoding of
new context information than does passive restudying,
and when the event is retrieved again, the two sets of
context guide memory search more effectively than the
single set established during initial learning, leading to
the retrieval practice effect.

Because retrieval opens a window for additional
context to be stored, the episodic context account can
also be applied to explain at least some reconsolidation
effects. That is, when the original encoding context is
reactivated and updated during retrieval, newly encoded
information might be linked to the updated context as
well and be retrieved later when participants try to think
back to the originally encoded information to reinstate
the updated context. A different way to achieve the same
result is to assume that reactivation of context (from
recalling encoded information) prior to learning new
information links the new learning to the original con-
text. When the old context is reactivated during a later
test and people are asked to recall only the original
information, the reinstated context cues both the old and
new information. This account can explain how intru-
sions from a second learning episode can be recalled
when trying to recall a first episode®>'**.

Another theoretical proposal based on episodic
context explains why selective retrieval sometimes
decreases and sometimes increases retrieval of related
information'?>'>!””, On a test given soon after learning,
the original episodic encoding context is probably eas-
ily accessible, leading to high potential for interference
between two recently encoded pieces of information
linked to that encoding. Under such conditions, selective
retrieval of some information might cause blocking and/or
inhibition of the remaining information to facilitate
retrieval of the target information, under the assumption
that interference between the two types of information
must be resolved by suppressing one of them. When a test
is given after a longer delay, access to the original encod-
ing context is initially impaired and therefore interference
potential between information is low. Under these condi-
tions, selective retrieval of some information might help
to reinstate the original encoding context, which can act
as a cue for further retrieval and prompt recall of related
information that was encoded in temporal proximity.

Finally, a context-based explanation has also been
offered for test-potentiated learning. Interpolated
retrieval practice after the study of some information
and before the study of other information has been sug-
gested to increase contextual change, enabling a better
differentiation of the encoded information'*"">'**, This
increase in contextual segregation can reduce proac-
tive interference from previously studied information
and thereby facilitate memory for subsequently stud-
ied information. Increased contextual change owing to
memory retrieval has also been implemented in some
memory models"**".

Although contextual change could explain test-
potentiated learning, it is not as easily compatible with
test-enhanced suggestibility and an increased acceptance

of misinformation after interpolated practice. However,
test-enhanced suggestibility has also been conceptual-
ized as an instance of reconsolidation'*, with retrieval
rendering initially encoded memories susceptible to
retroactive interference in the form of misinformation.
A context-based explanation like the one described
above for reconsolidation could therefore potentially
explain test-enhanced suggestibility. However, such an
explanation would mean that the effect is attributed to a
different context-based mechanism than test-potentiated
learning. Thus, this explanation would differ in char-
acter from the context explanations for the other two
findings where the same mechanisms are employed.

Thus, all three of the opposite effects of retrieval can
be understood using an account emphasizing the role of
context. Although we have not proposed a full theory
of these opposing effects, they can all be understood as
manifestations of context-based influences on remem-
bering. Memory models including context might be of
value in solving how exactly the many effects of memory
retrieval can be understood as a whole.

Importantly, alternative theoretical accounts not
primarily based on context exist for all effects consid-
ered here. For instance, retrieval practice effects have
been proposed to arise owing to semantic elaboration®,
retrieval-induced forgetting has been attributed to
inhibition®*", retrieval-induced facilitation has been
linked to semantic integration of materials'”, and
test-potentiated learning and suggestibility have been sug-
gested to arise because prior retrieval directly influences
subsequent information processing and encoding''*'*.
Ultimately, many of the cognitive mechanisms and fac-
tors central to these and other accounts might also be
needed for a complete picture of the interplay of memory
retrieval effects.

Summary and future directions

The act of remembering changes memory in impor-
tant ways. First, there are positive and negative effects
of retrieval on the retrieved memories. If memories are
retrieved accurately, their repeated retrieval will boost
later retention, often substantially. However, if errors
are retrieved repeatedly, or if misinformation is inserted
and retrieved, then repeated retrieval will cement those
errors. Second, there are positive and negative effects of
retrieval of some information on recall of related infor-
mation. If the to-be-retrieved material is semantically
integrated or highly inter-associated, then retrieval of
one piece of information will usually provoke retrieval
of related information, especially after a delay. However,
if information is not inter-associated and retrieval of
some information occurs shortly after learning, then
recall of related information is inhibited. Yet once suffi-
cient contextual change has occurred (for example, after
prolonged delay), retrieval can also help to reinstate the
original encoding context, facilitating recall of related
information. Finally, retrieving information seems to
permit better encoding of new information. If the new
information is correct, recall of the event is enhanced. If
misinformation is presented after retrieval of the original
information, then erroneous recollection of the original
events will result. Episodic context, as incorporated in
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many computational models of memory, can provide
a unifying mechanism to explain these various effects,
though work remains to flesh out this account. These
three contrasting pairs of effects showcase how different
and partly antagonistic the effects of memory retrieval
can be. Of course, other effects exist within the broad
topic of retrieval that we have not discussed here'*.

Our portrayal of memory retrieval as a double-edged
sword and characterization of the effects as ‘positive’
and ‘negative’ might ultimately be too simplistic. The
human cognitive system needs to be flexible to adapt to
ever-changing environments. It is easy to recognize effects
that boost and enhance memory performance as posi-
tive, whereas it might be harder to appreciate the upside
of effects that restrict and change memory. For instance,
the self-limiting quality of memory retrieval could be an
asset in situations with a high load of information — it
can help to resolve interference and facilitate recall of
target information. Similarly, the fact that memory
retrieval can destabilize memories and introduce mod-
ification might be helpful in situations in which the
initially encoded information was incorrect or insuffi-
cient. As such, seemingly negative effects might confer
certain advantages and ultimately be adaptive.

There are several places where more research is
needed into the effects of retrieval. For example, the
study of human memory using reconsolidation para-
digms is in its infancy, and these paradigms need to be
combined with standard cognitive psychology para-
digms on retroactive interference and misinformation
effects. In addition, the effect of schedules of spaced
retrieval on long-term retention (over days and weeks)
needs more study. For instance, it is unclear how to
promote learning that will persist across years, such as

when an employee wants to learn a fact or a skill that
needs to last their entire work career. The answers to
such questions might differ for different learners, so
understanding individual differences among people
becomes important. In addition, test-potentiated learn-
ing in applied settings has also received little attention to
date and could be particularly important in education.

Besides these suggestions regarding specific effects,
future research should integrate the various paradigms
showing positive and negative effects. In the past, the
tendency has been to study each of the six effects in iso-
lation. Although more than one effect is considered in
some cases — such as in retrieval-induced forgetting,
where every experiment also includes data relevant to
the retrieval practice effect — studying the effects in
concert will bring new insight. For example, if varying
one facet of retrieval causes greater retrieval-induced
forgetting, perhaps it also creates greater test-potentiated
learning when new information is presented after
retrieval. Such questions, resulting from a combination
of paradigms, should facilitate future understanding of
how these effects interact.

Moreover, the many empirical findings on different
effects of memory retrieval could also be used to further
test the idea of episodic context as a unifying concept in
memory models, and these developments could again
feed back into the empirical study of memory retrieval.
As context models are refined as a result of new empir-
ical findings, they might make novel predictions that
will lead to further empirical tests. Over time, we are
confident that the double-edged sword of retrieval will
be better understood.
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