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Abstract

Making errors is part of human nature, and it is thus important to know how to get the best out of them. Experimental evi-
dence has shown that generating errors can enhance learning when these are followed by corrective feedback. However, little
is known about the specific conditions and mechanisms that underlie this benefit of experiencing errors. This review aimed
to shed some light on this type of learning. First, we highlight certain conditions that may influence errorful learning. These
include the timing of corrective feedback, error types, learner awareness about errorful learning, motivation to learn the study
material, differences in special populations (e.g., amnesia), incidental versus intentional encoding, the importance of select-
ing an appropriate final test procedure, whether the study material needs to be semantically related, and if it is necessary to
recover the previous errors at the time of retrieval. We then consider four explanatory theories of errorful learning: (1) The
Mediator Effectiveness hypothesis, (2) the Search Set theory, (3) the Recursive Reminding theory, and (4) the Error Predic-
tion theory. According to these theories, two factors are decisive for observing the benefits of errorful learning: the level of
a pre-existing semantic relationship between the study materials, and whether the error must be explicitly recovered on the
final test. To conclude, we discuss some limitations of using a pretesting procedure to study errorful learning and we reflect
on further research. This review brings us closer to understanding why experiencing errors confers a memory advantage.

Keywords Errorful learning - Learning from Errors - Unsuccessful retrieval - Pretesting

Introduction

Committing errors and managing failure are basic elements
of learning processes but producing errors while learning
has traditionally been considered detrimental for the recov-
ery of the correct answer. This assumption was based on
the Interference Theory (Melton & Irwin, 1940; Postman &
Underwood, 1973), which proposes that experiencing errors
increases the distinctiveness of those items that compete
with the correct answer at retrieval. This has led to a prefer-
ence for errorless learning in educational settings, which
was typically thought to provide the most effective outcomes
(Stevenson & Stigler, 1994; Tulis, 2013). More recent pro-
posals about this perspective argue that errors are highly
salient events that capture attention and divert attentional
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resources from the task, impairing subsequent performance
(Houtman & Notebaert, 2013; Notebaert et al., 2009).

However, in recent decades, an increasing body of
evidence has emerged to suggest that experiencing errors
during learning, as long as corrective feedback is given,
enhances subsequent memory retrieval (e.g., Metcalfe,
2017). There is considerable support for the beneficial
effects of failed testing on learning, which have been
demonstrated with a range of learning materials, including
word-pairs (Clark, 2016; Grimaldi & Karpicke, 2012;
Knight et al., 2012; Kornell et al., 2009; Metcalfe, 2017;
Potts & Shanks, 2014; Seabrooke et al., 2019a, b; Slamecka
& Fevreiski, 1983; Vaughn & Rawson, 2012), along with
more ecologically relevant materials such as facts (Kang
et al., 2011; Kornell et al., 2015; Richland et al., 2009);
sentence translations (Guzman-Muifioz, 2020); texts (van
Loon et al., 2015); or definitions (Metcalfe et al., 2009).

It is important to distinguish errorful learning from
other, related effects. In particular, it is well established that
testing during encoding of information is more beneficial
than re-studying, which is referred to as the Testing effect
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or Retrieval practice (see Roediger & Karpicke, 2006, for
a review). In addition, the Generation effect shows that
generating information in response to a cue leads to better
memory than simply reading it (Slamecka & Graf, 1978).
In both cases, the benefit for long-term memory is related to
active cognitive processes such as generating or attempting
to recall the correct answer. Thus, these effects are related to
successful generation/recovery. In contrast, learning based
on experiencing errors is related to unsuccessful experience,
which is the main focus of this research. In addition, the
hypercorrection effect is a phenomenon related to errorful
learning described by Butterfield and Metcalfe (2001). This
effect suggests that high-confidence errors are more likely to
be corrected than low-level confidence errors. This effect is
well established in behavioral (Butterfield & Metcalfe, 2006;
Iwaki et al., 2013; Metcalfe et al., 2012, 2015; Metcalfe &
Miele, 2014) and neuroimaging studies (Metcalfe et al., 2012).

In previous research that has explored why experiencing
errors enhances learning, pretesting is the most frequently
used paradigm (e.g., Potts & Shanks, 2014; Richland
et al., 2009; Seabrooke et al., 2019a, b; Zawadzka &
Hanczakowski, 2019), also referred as unsuccessful retrieval
(Kornell et al., 2009) and failed retrieval (Tanaka et al.,
2019). In this paradigm, participants are encouraged to
generate an answer before studying it. Thus, since there is no
pre-exposure to the learning material, participants are almost
always incorrect and make many errors (see Fig. 1). The
usual result is that pretesting unknown information, even
when many errors are being committed, is more beneficial
than simply studying it.

Whilst the benefit of errors for long-term memory is
well established, it is critical to understand the underlying
mechanisms of this effect and the conditions under which
such errors would be beneficial for future memory perfor-
mance. This is not only relevant from a theoretical point of
view but also from a practical perspective. In fact, it is in
educational settings where it becomes of great importance
to know why and when experiencing errors during learning
benefits memory. This information would help teachers and
students to change their mindset and attitudes towards errors,
from considering them a sign of failure to including errors as

Initial Test (T1)

part of constructive learning (Clark, 2016; Metcalfe, 2017;
Wong & Lim, 2019).

Modulating factors in the effect of experiencing
errors

It is important to understand the specific conditions in
which experiencing errors could benefit memory and to
explore which factors may influence this benefit. Presum-
ably, observing an increase or attenuation of this effect could
depend on a complex dynamic between several factors rather
than the influence of a single factor (Clark, 2016; Tanaka
et al., 2019; Vaughn & Rawson, 2012).

Corrective feedback

In order to optimize the benefit of experiencing errors, it
appears to be essential that learners receive corrective feed-
back after committing the error, so that the correct answer
can be encoded (Huelser & Metcalfe, 2012; Metcalfe et al.,
2012; Metcalfe & Kornell, 2007). This is related to the fact
that errors are not likely to be spontaneously corrected with-
out feedback (Butler et al., 2008). Furthermore, corrective
feedback must explicitly include the correct answer. It is
not helpful to simply inform the learner as to whether or not
their response is correct (Pashler et al., 2005). With regard
to the timing of the feedback, it is not clear whether the
moment at which feedback is given after an error is decisive
for increasing learning. Moreover, it is not well understood if
there is a specific time window in which the error can be cor-
rected, outside of which the feedback is no longer effective.
The dominant view is that in order to benefit from experienc-
ing errors, corrective feedback needs to be provided shortly
after the error is committed (e.g., Grimaldi & Karpicke,
2012; Hays et al., 2013; Vaughn & Rawson, 2012). However,
this remains a matter of debate since contradictory results
have been found (Kornell, 2014; Metcalfe et al., 2009). In
this regard, Kornell (2014) conducted a series of pretest-
ing experiments and found that generating errors with more
complex and meaningful material (e.g., trivia questions)
enhanced correct recall even when the corrective feedback
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was delayed. But less meaningful material (e.g., word-pairs)
did not show such benefit. This is probably due to the fact
that more meaningful learning material may activate a richer
semantic network, which would enhance more elaborative
retrieval. In any case, regardless of the timing of the feed-
back, providing corrective feedback results in better perfor-
mance than when no feedback is given.

Related to this, a further relevant question that arises is
whether the time interval between the learning phase (when
an error occurs and when feedback is given) and the moment
of the final test has an impact on subsequent retrieval. Clas-
sic studies (e.g., Ebbinghaus, 1885) demonstrated that the
speed of forgetting depends on different variables such as
time since learning and that this relationship follows a loga-
rithmic function, findings that have recently been replicated
(Murre & Dros, 2015). However, it is not clear if this rela-
tionship operates in the same way with correct responses and
error-feedback-corrected responses. Future research should
study the moment at which the feedback is given whilst
comparing two conditions: immediate feedback and delayed
feedback. Furthermore, it is important to study if this time
window of feedback is related to both the learning session
and the final test (see Fig. 2 for a schematic representation
of such an experimental procedure).

Error types

In this context, errors are defined as objective outcomes that
involve incorrect responses. Errors can be classified depend-
ing on learners’ intentions and motivations when it comes
to erring. In this regard, a key distinction has been made
between slips and mistakes. Slips refer to the cases in which
learners execute an incorrect response accidentally, while
mistakes refer to errors that result from incorrect knowledge
(Norman, 1981; Wong & Lim, 2019). The present review
is focused on errors. During information retrieval, errors
can occur in two different ways: by omission, when partici-
pants are not able to recall any response and leave the answer
blank; and by commission, when an erroneous response is

given. Slamecka and Fevreiski (1983) analyzed the effect of
commission errors compared to omission errors, and their
results revealed that, compared with omission errors, com-
mission errors resulted in better subsequent performance.
Another relevant factor in errorful learning is whether the
error should be experienced personally to enhance long-term
memory. Research shows that in order to be most helpful
for learning, errors must be self-generated rather than be
observed in others, or be presented as mistaken items
(e.g., Grimaldi & Karpicke, 2012; Metcalfe & Xu, 2018).
Metcalfe and Xu (2018) showed that generating errors
oneself compared with hearing another person commit-
ting errors out loud, was beneficial for later correct recall.
If the person was not the one who actively committed the
error, such benefit was not found. Thus, it is important to
analyze the type of errors being committed during testing
and how such errors have an impact on performance.

Metamemory about errorful learning

Flavell and Wellman (1977) defined metamemory as
knowledge about our own memory and its processes
of encoding, storing, and retrieving information. Thus,
metamemory is related to knowledge about the function of
memory and the strategies that can be used to improve it
(Metcalfe & Shimamura, 1994). This includes the estimation
of our learning capacity, the selection of encoding and
retrieval strategies, or the awareness of what we know and
what we do not know. In general, learning conditions that
facilitate a rapid improvement in performance are often
perceived by learners as being more effective. However,
conditions that create challenges and increase difficulty have
been shown to optimize long-term retention (E. L. Bjork
& Bjork, 2014). Thus, certain difficulties are considered
to be desirable for increasing long-term learning. In
relation to this issue, Huelser and Metcalfe (2012), using
a pretesting paradigm, asked participants about which
learning condition they thought led to better performance.
The results showed that a significantly higher percentage of

Initial Test (T1) Final Test (T2)
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Fig.2 Experimental procedure comparing delayed vs. immediate feedback and delayed vs. immediate final test
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participants believed that the errorless learning condition
was more effective than errorful learning, even when they
had just experienced the benefit of making errors (see also
Yang et al., 2017). Learners tended to believe that making
errors during tests made them learn less whilst in fact they
were actually learning more. Thus, there is a dissociation
between learners’ judgments about learning and their actual
performance. However, it has been shown that learners do
not need to be aware of the positive effect of the errors to
benefit from them (Huelser & Metcalfe, 2012). This lack of
awareness, however, could influence the learning procedure
chosen by both learners and teachers and it could partly
explain the traditional avoidance of errors in educational
settings (Stevenson & Stigler, 1994; Tulis, 2013). Indeed,
research conducted by Pan et al. (2020) examined the
awareness of the benefit of errorful learning among students
and teachers. Students reported a generalized aversion
towards making errors during learning events. However,
they also indicated making the effort to learn from those
errors when they occurred (e.g., analyzing the corrective
feedback and their own committed errors). Thus, it seems
that the benefits of errorful learning are unappreciated, and
that errors are avoided.

Motivation towards the to-be-learned material

Another factor that could impact the dynamics of experienc-
ing errors during testing is the extent to which participants
are motivated to learn the material. Often, the material may
not be interesting for learners, particularly in experimental
contexts. In this regard, in a hypercorrection effect study
conducted by Iwaki et al. (2013), participants’ usefulness
judgments of the proposed material were analyzed. The
results showed that the benefit of experiencing errors during
testing was modulated by the participants’ perceived useful-
ness of the study material, leading to better recall at a later
test when the material was considered practical and use-
ful. Similarly, another study revealed that error generation
increased correct performance at the final test, especially
with those stimuli that participants considered more motivat-
ing (Seabrooke, Mitchell, et al., 2019b). This motivational
factor could also be linked to an increase in curiosity to the
corrective feedback that takes place after an error is com-
mitted during learning (Potts et al., 2019).

Population

Most of the studies reviewed above used neurologically typi-
cal younger adults as participants. However, some research
studies have been conducted on the effects of experiencing
errors during learning with different populations (Cyr &
Anderson, 2012, 2015; Huelser & Metcalfe, 2012; Metcalfe
et al., 2009; Metcalfe et al., 2015; Metcalfe & Finn, 2012).
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Regarding different age groups, for instance, Cyr and Ander-
son (2012, 2015) studied healthy older adults and their
findings revealed that experiencing errors during encoding
could help to diminish age-related typical declines in epi-
sodic memory. This advantage resulting from experiencing
errors was also found among school-age (11-13 years old)
children, using general information questions (Metcalfe &
Finn, 2012), and with semantically related word-pairs with
5-year-old children (Carneiro et al., 2018). Nevertheless,
errors may have a detrimental effect on special populations.
Some studies (Mueller et al., 2007) have argued that error-
less learning may be more effective for children with autism
spectrum disorders, which is characterized by rigid adher-
ence to rules, a difficulty in shifting behavioral repertoires,
and often problematic behaviors in response to failures. Fur-
thermore, some studies suggest that experiencing errors may
be disadvantageous for people with memory and cognitive
impairments (e.g., Alzheimer's disease, and amnesia). For
example, Baddeley and Wilson (1994) conducted a series of
experiments showing that patients with amnesia benefited
more from errorless learning than when experiencing errors.
These authors argued that the benefit of errorless learning
could be based on implicit memory, which does not require
a conscious recollection of information, but simply tends to
activate the dominant response (see Clare & Jones, 2008, for
a review). Thus, prior errors may create more interference
for individuals with memory impairments, and this would
explain why such learners might benefit more from avoiding
errors. However, this is still not clear. These results may vary
depending on the severity of the amnesia, the characteris-
tics of the task, and how memory is assessed (Middleton &
Schwartz, 2012). In these cases, short-term, errorless learn-
ing produces greater familiarity with the study material and
leads to better performance. However, in long-term learning,
it seems that errorful conditions lead to more robust learn-
ing (Hunkin et al., 1998; Squires et al., 1997). These fac-
tors could explain the variability of the results found when
using errorful learning in special populations. Thus, even
for memory-impaired patients, experiencing errors during
learning could increase long-term gains when compared
with errorless learning.

Incidental versus intentional nature of encoding

It is important to consider the influence of the nature of the
encoding on the benefits produced by errors. The studies
mentioned above have focused on intentional encoding in
which participants are aware that they are acquiring infor-
mation and that they will have a subsequent memory task
to test their learning. However, incidental encoding implies
unawareness of information acquisition and the subsequent
memory task. It is of interest to analyze whether the ben-
efit of experiencing errors is modulated by the nature of the
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encoding. For example, in their study, Decker et al. (2020)
used a categorization task in which participants encoded
images while categorizing them as, for example, living or
non-living, in order to produce incidental encoding, after
which they performed a surprise old/new recognition mem-
ory task. The results were inconsistent; in one experiment
commission errors were remembered marginally better than
baseline memory and, in another experiment, there was no
difference between memory for errors relative to baseline.
Thus, further research is needed in order to understand the
effect of incidental encoding when using errorful learning.

Final test format

The final test procedure is another factor that could play
a role in the dynamics involved in the benefits of experi-
encing errors. Thus, different final test procedures have
been used to study the benefit of experiencing errors dur-
ing learning. The most common procedure is cued-recall,
in which a cue is presented and participants are asked to
remember the associated target (e.g., Huelser & Metcalfe,
2012; Kornell et al., 2009). Other tests have also been used,
such as multiple-choice tests, in which the cue is presented
and participants are asked to recognize its target among
other foils (e.g., Potts & Shanks, 2014); the associative rec-
ognition test, in which participants are shown word-pairs
and have to decide whether they were presented together
in a previous study phase (Seabrooke et al., 2019a, b); the
free-recall test, in which participants try to retrieve as many
words as they can from the study phase (Clark, 2016); and
backward cued-recall, in which the target is presented and
participants are asked to remember the cue that preceded it
(Clark, 2016). The use of these different procedures for the
final test have led to mixed results (Seabrooke et al., 2019a,
b). For example, the benefit of experiencing errors have been
demonstrated with unrelated material using multiple-choice
tests (Potts & Shanks, 2014) but not with cued-recall tests
(Huelser & Metcalfe, 2012) or with an associative recogni-
tion test (Seabrooke et al., 2019a, b). Therefore, it seems
important to consider the selected test format when studying
the benefit of committing errors during learning in order to
adequately understand the outcomes.

Semantic relationship

Regarding the semantic relationship factor, there are two
important questions. The first is whether the semantic rela-
tionship between the error and the correct answer is nec-
essary to experience the benefit of the error. The second
question is whether the study materials must be semanti-
cally related to facilitate errorful learning. With respect to
the semantic relationship between the error and the cor-
rect answer, Huelser and Metcalfe (2012) conducted an

experiment to study the strength of a semantic association
between the generated error and the correct answer using
Latent Semantic Analysis (LSA). This LSA method is
used to estimate the degree of semantic proximity between
words (Landauer & Dumais, 1997). Results revealed
memory advantage only when the generated error had a
strong semantic relationship with the correct answer, which
would only happen when the word-pairs themselves were
also semantically related. When the learning material was
semantically unrelated, the generated errors were also unre-
lated to the correct target. Thus, they were not able to isolate
the effect of the error-target relationship in a way that was
independent of the cue-target relationship. In fact, in a more
recent study conducted by Metcalfe and Huelser (2020), it
was showed that errors unrelated to the target could also
show pretesting benefits. In another study, certain cues were
presented (e.g., “band—?") and participants were asked to
guess the target (e.g., “drum”) before revealing the correct
answer. This target was either semantically related to their
guess (e.g., “guitar’) or unrelated (e.g., “rubber”). The
results were in agreement with previous findings, showing
that final cued-recall accuracy was greater when there was
a semantic relationship between the generated error and the
correct target (Cyr & Anderson, 2018).

Regarding the semantic relationship between the study
material, the most widely accepted view is that the benefit
of experiencing errors only occurs when such material is
semantically related, such as in the case of word-pairs, for
example, when there is a semantic association between the
cue and the target (Grimaldi & Karpicke, 2012; Huelser
& Metcalfe, 2012; Little & Bjork, 2016; Seabrooke et al.,
2019a, b). In this regard, Grimaldi and Karpicke (2012)
employed a standard pretesting procedure (see Fig. 1) and
compared the effect of the semantic relationship between
cues and targets of the word-pairs. Participants were asked
to learn a mixed list containing semantically related word-
pairs (e.g., “tide—beach’”) and unrelated word-pairs (e.g.,
“pillow—leaf’). One group simply read each pair (e.g.,
“tide—beach” or “pillow-leaf’), while the other was encour-
aged to guess a target in response to a cue (e.g., “tide—?" or
“pillow-7") and both groups were then given the same final
cued-recall test across all items. The results showed that
generating errors during learning in a pretesting paradigm
enhanced the final recall of semantically related word-pairs
but not of unrelated word-pairs. Thus, it was concluded that
a semantic relationship between the cue and the target is
needed in order to enhance subsequent retrieval.

Contrary to this viewpoint, Potts and Shanks (2014) pro-
posed that a pre-existing semantic relationship between the
study material (cue and target) is not necessary to benefit
from experiencing errors. In this study, participants learned
definitions of very rare English words (e.g., “valinch—tube”)
in a typical pretesting paradigm in which participants were

@ Springer



758

Psychonomic Bulletin & Review (2022) 29:753-765

asked to guess an answer (e.g., “valinch—?") before study-
ing the material. This was compared to a condition in which
participants simply read the correct answer. The final test
consisted of a multiple-choice question task, in which cues
were presented and participants were asked to select the cor-
rect target among the other three foils. The results showed
that even without a semantic relationship between the cues
and targets, experiencing errors during encoding enhanced
performance on the final test relative to simply studying the
correct answers from the outset. These results were repli-
cated with Basque-English translations (e.g., “hodei—cloud”;
Potts & Shanks, 2014).

It has been argued that these discrepant results could be
related to the specific format of the final test, that is, a mul-
tiple-choice versus cued-recall test. In fact, this task requires
the recognition of the target among the foils but does not
require retrieval of the association between the cue and the
target. This associative knowledge refers to the ability to
bring the target to mind when the cue is presented, which
would only happen once a cue-target association is formed.
Some studies have tried to extend the results reported by
Potts and Shanks (2014) with unrelated material to test
formats that assess associative knowledge, but contradic-
tory results have been found. For instance, Seabrooke et al.
(2019a, b) found no pretesting effect using a cued-recall test.
They concluded that experiencing errors with semantically
unrelated material may improve memory for targets and cues
in isolation, but not for the association between them. In
contrast, Cyr and Anderson (2018) showed that both seman-
tically related and unrelated word-pairs resulted in better
performance compared with the errorless condition using
cued-recall. They were not, however, able to generalize these
results to more complex materials such as Spanish-English
false friends. Thus, further research is needed to determine
whether the memories for the stimuli presented during the
encoding phase are strengthened by error generation in a
way that is not measured by those associative tests.

Error recovery on the final test

There is a growing body of research suggesting that, on the
final test, learners explicitly recover their previous errors at
the same time that they remember the correct answers (Cyr
& Anderson, 2018; Knight et al., 2012; Metcalfe & Huelser,
2020). In this regard, Cyr and Anderson (2018) conducted a
pretesting experiment. First, participants were encouraged to
generate guesses in response to cues, after which corrective
feedback was given. On the final test, and before attempting
to retrieve the correct targets, the participants were asked
to recall the errors (guesses) generated for each cue. The
results showed that participants were more likely to recover
their previous errors than correct targets. These results are
consistent with those found by Knight et al. (2012). These
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authors used a pretesting procedure in which learners were
asked to generate guesses to cues, before receiving correc-
tive feedback. On the final test, they were then asked to recall
the word they guessed earlier for that specific cue, and then
recall the correct target. They found that participants were
able to recall their guesses on most of the trials, suggesting
that the error is activated on the final test. Indeed, a study
conducted more recently by Metcalfe and Huelser (2020)
showed that memory for the correct answer was enhanced
only when the original error was also recovered on the final
test. However, a possible limitation of such studies is the
inability to establish whether learners actually recall their
previous errors, or whether they are generating them from
scratch, given that it might be their preponderant response
to a given question or cue.

In contrast, other studies have found no evidence to sup-
port this idea (Butterfield & Metcalfe, 2001; Metcalfe &
Miele, 2014). Butterfield and Metcalfe (2001), in a hyper-
correction effect study, asked participants to provide three
answers on the final test, after which they were required to
indicate which of the responses was correct. This manipu-
lation allowed for investigating the mental presence of the
original error during the final test. However, their findings
revealed that participants did not recover their previous
errors. Thus, correct recall was independent of error recov-
ery on the final test. Similarly, in another hypercorrection
effect experiment conducted by Metcalfe and Miele (2014),
participants were requested to provide two answers on the
final test, in order to determine whether the original error
had been generated as one of those two responses. However,
no relation was found between correct recall and the pres-
ence of the error as one of these responses. It is possible
that these discrepancies are due to the type of instructions
given when recovering the error. In the studies by Butter-
field and Metcalfe (2001) and Metcalfe and Miele (2014),
learners were asked to respond with whatever word came
to mind, which can be attributable to implicit memory. In
other studies (e.g., Cyr & Anderson, 2018; Knight et al.,
2012; Metcalfe & Huelser, 2020), participants were told
to explicitly recall their previous erroneous answers. Thus,
these differences in the error recovery on the final test could
be due to differences in explicit versus implicit memory,
an important issue that is worthy of further investigation in
future research on errorful learning Table 1.

Theoretical explanations of the benefit
of experiencing errors

To understand the advantageous effects of errorful learn-
ing, some explanatory theories have been proposed (e.g.,
Grimaldi & Karpicke, 2012; Kornell et al., 2009; Metcalfe,
2017; Potts & Shanks, 2014). The most compelling theories
are the following: The Mediator Effectiveness hypothesis,
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Table 1 Overview of the modulating factors in the benefits of experiencing errors

Modulating factors

1. Corrective feedback

- Feedback is crucial in order to observe the benefits derived from experiencing errors.
- It is not clear whether experiencing errors would be advantageous when the feedback is given after a long period of time or when the final

test is delayed.
2. Error types

- Accidental errors (slips) # errors based on incorrect knowledge (mistakes).
- Learners benefit more from commission errors (incorrect answers) than from omission errors (blank answers).

- Self-generated errors are more beneficial than observed errors.
3. Metamemory unawareness

- There is a dissociation between participants’ judgments about learning and their actual performance.
- Learners tend to believe that errorless learning conditions are more beneficial than errorful learning.

4. Motivation towards the to-be-learned material

- Errorful learning is enhanced when using material that participants consider motivating.

5. Population

- Errors may be detrimental in special populations such as children with autism spectrum disorders, and people with severe memory and

cognitive impairments, but additional research is needed.
6. Incidental versus intentional nature of the encoding

- Further research is needed to understand the effect of incidental versus intentional encoding errorful learning.

7. Final test format

- The most common procedure is the “cued-recall test” (e.g., “faste—?"; correct target: “mouth”).
- Differences in final test procedures have yielded mixed results. Further research is needed to understand this in greater depth.

8. Semantic relationship

- The most widely accepted view is that it is essential to use semantically related material to benefit from experiencing errors.
- Results are controversial and may vary according to the final test format (multiple-choice task vs. cued-recall).

9. Error recovery on the final test

- Learners recall previous erroneous responses along correct answers at the time of retrieval.
- There are some differences between implicit and explicit error recovery.

the Search Set theory, the Recursive Reminding theory, and
the Error Prediction theory. According to these theories,
there are two main variables that are decisive in observing
the benefits derived from errorful learning: the level of pre-
existing semantic relationship between the study materials,
and whether the error is explicitly recovered on the final test
(see Fig. 3).

First, the Mediator Effectiveness hypothesis (Pyc &
Rawson, 2010) was originally proposed as an explana-
tion for the Testing effect (see earlier definition). This
theory suggests that the testing effect is associated with the
strengthening of links between cues and targets, creating
more effective mediators during retrieval. For example,
when individuals attempt to learn the target during word-
pair encoding (e.g., “taste—mouth”), they generate media-
tors (e.g., “bitter,” “tongue”), and the recovery of these
mediators facilitates the accessibility of the target informa-
tion on the final test through their associative relationship.
This hypothesis provides a possible explanation for errorful
learning, in which the committed error may be used as a
mediator that aids the recovery of the target. Thus, failed
initial retrieval attempts may enhance recovery of the correct
target because there are two cues that facilitate the retrieval
of the correct target: the cue itself and the error, acting as
a mediator. In this regard, Soraci et al. (1999, 1994) pro-
posed a Multiple-Cue hypothesis. These authors conducted

a series of experiments to study the Generation effect (see
earlier definition). They found that increasing the number
of cues provided during acquisition was also effective in
increasing final recall. However, there is some evidence that
contradicts the mediator hypothesis. In a series of pretest-
ing experiments, Clark (2016) observed that allowing par-
ticipants to generate richer and more relevant guesses (thus,
better mediators) did not improve performance on the final
test. With regard to assumptions, the Mediator Effectiveness
hypothesis predicts that if the error functions as a mediator,
it must be recovered on the final test to observe the memory
advantage of experiencing errors. And the other prediction
is that this benefit is only clear if the errors are semantically
related to the correct answer, which would only occur with
semantically related study materials (Grimaldi & Karpicke,
2012; Huelser & Metcalfe, 2012).

The Search Set theory proposes that retrieval attempts,
albeit unsuccessful, trigger a search process through
semantically related activated candidates. The Search Set
includes these candidates and, among them, the correct
answer. During feedback, when the correct answer is pre-
sented, the encoding of the target among other candidates
is reinforced, strengthening the mapping between the cue
and the target (Grimaldi & Karpicke, 2012). Thus, the tar-
get is encoded more effectively because it has already been
partially activated by the error. However, it is unclear why
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(1) Mediator Effectiveness Hypothesis

(2) Search Set Theory

€rror
(mediator)

cuc
(mediator)

target

candidate

candidate candidate

N
‘

(3) Recursive Reminding Theory

(4) Error Prediction Theory

Surpoouo orposido

Fig.3 Graphical illustrations of the theories proposed to explain the benefit of experiencing errors: (1) The Mediator Effectiveness Hypothesis,
(2) The Search Set Theory, (3) The Recursive Reminding Theory, and (4) The Error Prediction Theory

this reinforcement is stronger after unsuccessful retrieval
attempts. If the mere act of attempting to recall activates the
routes to possible answers, there should be no difference
between successful and unsuccessful retrieval attempts in
terms of their beneficial effect on the subsequent encoding
of the target. Additionally, the search for the correct answer
might also strengthen the incorrect retrieval routes. These
may interfere with the correct cue-target routes, which is
incompatible with the beneficial effects of experiencing
errors in testing, described above. Regarding this issue,
Kornell et al. (2009) and Clark (2016) proposed the exist-
ence of an error-suppression mechanism whereby unsuc-
cessful tests could enhance learning by suppressing incorrect
retrieval routes. This would make errors less accessible and
it would reinforce correct cue-target routes, thus facilitating
future correct recall. Given the assumptions of the Search
Set theory, experiencing errors should only be beneficial
when there is a pre-existing semantic association between
the study materials (that is, between word-pairs or cues and
targets). This idea is based on the fact that with semanti-
cally unrelated material, the initial Search Set of possible
candidates would not include the target. Thus, according to
the Search Set theory, attempting retrieval during the initial
test should only enhance the encoding of the semantically
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related cue-target pairs. With respect to error recovery, this
theory does not assume the need to explicitly recall the error
on the final test. Thus, whilst the error could be activated on
the final test, its explicit recovery is not necessary. And if
there was an error-suppression mechanism, then a decrease
in error-related activation would be expected, making it even
more difficult to recall the error.

Both the Mediator Effectiveness hypothesis and the
Search Set theory are consistent with the Spreading Activa-
tion theory, in which semantic information is organized in
a network of interconnected nodes where the activation is
propagated (Collins & Loftus, 1975). Regarding the Media-
tor hypothesis, since the self-generated error is part of the
semantic network of the correct item, the recovery of the
previously generated error would also activate the cor-
rect answer, through the spread in activation, which would
increase the probability of recalling the error. The Search Set
theory predicts that retrieval attempts would activate items
associated with the cue, and through spreading activation,
a semantic network of related concepts would be activated
providing a route to facilitate the retrieval of the target on
the final test.

The Recursive Reminding theory (Wahlheim & Jacoby,
2013) bases its explanation of the benefit of experiencing
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errors on episodic memory, the capacity to explicitly remem-
ber specific events in a spatio-temporal context (Tulving,
1972). This theory predicts that memory for the correct
answer is enhanced if the original error is recovered at the
retrieval stage. In particular, it is suggested that the long-
term memory benefits of experiencing errors occur because
both the error and the correct response (through feedback)
are encoded in the same episodic event, sharing a temporal
and spatial context and thus the same encoding details. Thus,
during the final test, the error recovery activates the encod-
ing context shared between the correct response and the
error, which facilitates access to the correct response. With
regard to assumptions, this theory predicts that the error
must be recovered on the final test to observe the memory
advantage of experiencing errors. However, a pre-existing
semantic association is not considered essential and the
memory performance of both related and unrelated study
materials will benefit from experiencing errors.

Finally, the Error Prediction theory argues that failed
recovery efforts may benefit memory due to the discrep-
ancy between the errorful outcome of a recovery attempt
and the subsequent corrective feedback, which would pro-
duce an error signal and enhance attention. Therefore, the
encoding of the target would be favored (Grimaldi &
Karpicke, 2012). In general, traditional learning theories
claim that the amount of learning that occurs during
error correction corresponds to the size of the discrep-
ancy between an event and the subject’s prior expecta-
tions of such an event, which is related to the level of
attention commanded by that discrepancy (e.g., Rescorla
& Wagner, 1972). In this regard, adaptive neurocogni-
tive theories (Decker et al., 2020) suggest that errors pro-
duce a cognitive discrepancy that would activate conflict
resolution processes, which is thought to increase atten-
tion and task engagement (Botvinick et al., 2001; Yeung
et al., 2004). First, attention is increased by a process ener-
gized by the anterior cingulate cortex (ACC), a brain area
involved in cognitive control and conflict monitoring. The
ACC would detect errors and signal to other brain regions
to increase attention (Yeung et al., 2004). This process
would then slow down subsequent responses and improve
accuracy (Botvinick et al., 2001). This adaptive neurocog-
nitive theory is also consistent with research findings on
errorful learning predictions using the pretesting paradigm,
which shows that expectancy-violating errors benefit later
correct recovery (e.g., Brod et al., 2018).

This Error Prediction theory is consistent with the
hypercorrection effect (Butterfield & Metcalfe, 2001), in
which high-confidence errors are more likely to be cor-
rected at a final test than those errors rated with low con-
fidence. The neural basis of the hypercorrection effect has

been analyzed by comparing differential brain activations
between high- and low-confidence errors with functional
magnetic resonance imaging (fMRI) (Metcalfe et al.,
2012). The results indicate greater activation in the medial
frontal cortex including the anterior cingulate (an area
associated with surprise, error detection, and attention) and
other areas such as the dorsolateral prefrontal cortex and
the temporal-parietal junction (TPJ), which are also related
to surprise. These results are in agreement with the dis-
crepancy-related explanation, in which increased attention
requirements produce deeper encoding of the feedback.

With regard to assumptions, according to the Error Pre-
diction theory there is no need for a pre-existing seman-
tic association between the to-be-learned material or an
explicit recall of the error on the final test in order to ben-
efit from errorful learning.

In conclusion, regarding the assumption of the semantic
relationship between the study materials, both the Media-
tor and the Search Set theories consider that the advantage
of experiencing errors can only be observed when there
is a pre-existing semantic association between the study
materials. Regarding the assumption of error recovery,
both the Mediator Effectiveness hypothesis and the Recur-
sive Reminding theory predict that the error must be recov-
ered on the final test to observe a memory benefit. Finally,
according to the Error Prediction theory, such conditions
are not needed to observe the memory benefits resulting
from errorful learning.

There is evidence both for and against the previously
described explanatory theories, based on two assumptions:
semantic relationship of the study material and error recov-
ery on the final test. Concerning the first of these factors,
previous studies have stated that errorful learning is only
beneficial when the study material is semantically related
(Grimaldi & Karpicke, 2012; Huelser & Metcalfe, 2012;
Little & Bjork, 2016; Seabrooke et al., 2019a, b). However,
this question remains open, since it has also been proposed
that semantically related and unrelated material both ben-
efit from experiencing errors (Cyr & Anderson, 2018; Potts
& Shanks, 2014). Regarding the role of error recovery,
some research suggests that learners need to explicitly
recover their previous errors along with the correct answers
at the final test in order to benefit from the errorful experi-
ence (Cyr & Anderson, 2018; Knight et al., 2012; Metcalfe
& Huelser, 2020). But, contrary to this position, other stud-
ies did not find such explicit error recovery (Butterfield &
Metcalfe, 2001; Metcalfe & Miele, 2014). In the light of
these contradictory results, further research is needed to
understand the importance of the semantic relationship and
error recovery assumptions, which would help to clarify
the most plausible explanatory theory.
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Limitations and further research

Although pretesting is the most frequently used procedure
for studying errorful learning, it has some limitations that
should be considered for future investigations. First, there
is no clear consensus regarding the level of familiariza-
tion with the learning material that is needed to consider
a wrong answer an error. As in pretesting, there is no pre-
exposure of the learning material, it has been suggested
that those errors may not be genuine errors but merely
guesses (Potts & Shanks, 2014). Although this problem
is not so relevant with certain study materials such as sen-
tence translation (Guzman-Muifioz, 2020) or trivia ques-
tions (Kornell et al., 2009), it is especially evident with
other learning material such as word-pairs in which the
incorrect nature of the answers is experimenter-based.
Thus, when using a pretesting paradigm, it should be con-
sidered whether the errors are genuine and require real
effortful recovery of the previously learned material, and
not just guesses. This is particularly pertinent because the
emotional and motivational components involved in genu-
ine errors versus guessing attempts might also be different,
which may affect the encoding of the learning material.
Furthermore, pretesting produces virtually all-incorrect
responses, and this may affect learning comparing with a
more balanced correct/error answer proportion.

Second, the pretesting paradigm does not allow for dis-
sociating between the positive effects of error generation
from the benefits of active learning, in which students
dynamically interact with the study material (Bonwell
& Eison, 1991). In the pretesting paradigm, the control
condition (without pretesting) simply involves exposing
learners to correct information (e.g., studying condition).
This may be considered as passive learning as learners
are not allowed to make an active response. Conversely,
in the pretesting condition, learners are required to gener-
ate responses or guesses that reflect a dynamic and active
learning process. In a similar vein, with the pretesting
procedure, the control condition does not share the same
generation and testing effects with the pretesting condi-
tion. And while a few studies have attempted to include
active control conditions in pretesting (Potts & Shanks,
2014 ("Choice" condition); Seabrooke, et al., 2019a ("First
Word" condition)), further research is needed to clarify
this question.

In order to try to resolve these issues, alternative experi-
mental or analysis procedures should be used. For example,
including a prior study session before the initial test as
in typical retrieval practice procedures. This could allow
comparison of correct answers and genuine errors at the
final test, and it equalizes active learning for both errors
and correct answers. Thus, it is of considerable importance
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for further research to delve deeper into these problems and
to obtain more precise knowledge about errorful learning.

Conclusion

Throughout this review, we have provided a theoretical
framework in order to deepen our understanding of why
experiencing errors can be advantageous for learning and
to explore the scientific knowledge about how and when
such errors can promote effective learning. In spite of the
fact that considerable advances have been made on this
topic, there are still some questions that remain unan-
swered and further empirical work is needed. And in this
vein, it is important to consider the complex dynamics
of the factors that modulate this type of learning, and to
organize the empirical evidence taking into account the
various explanatory theories.

This knowledge is especially important in the educational
context, where traditionally there has been a tendency to
avoid failure during learning. In fact, although teachers
express openness towards students committing errors dur-
ing learning, they usually do not provide many opportuni-
ties for students to deliberately engage with error commis-
sion (Pan et al., 2020). However, as shown in this review,
including both successes and errors as learning opportunities
could have positive consequences for learning. The present
research emphasizes the notion that errors generated dur-
ing learning are beneficial for later correct-recall. Despite
this, it should be considered that if learners do make errors,
the literature suggests that receiving corrective feedback is
essential, which may not always occur (e.g., students may
not see their incorrect responses and just receive numerical
feedback, or they may obtain general feedback delivered to
the whole class). And while the implementation of learn-
ing practices that allow errors could be a challenge in the
classroom, errors should be embraced and valued as opti-
mal sources of long-lasting learning. Thus, a more in-depth
understanding of the advantages of experiencing errors
could promote the idea that failure is an important part of
constructive learning and that the active exploitation of mis-
takes is essential in education.
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