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Two outstanding achievements of experimental memory research over the past fifty years have
been the description of multiple memory systems and the demonstration that recall is the most
effective form of long-term learning. The most important contribution of the former was to show
that so-called declarative forms of memory can be described with different psychological
characteristics and neurological background mechanisms than procedural memory, which
plays a fundamental role in skill learning. Perhaps the most successful research trend in recent
years has pointed out that memory recall, a declarative test, fundamentally changes memory
representation and its long-term accessibility. In this chapter, we try to combine these two
research fields and we aim to present the results of behavioral and brain research that support
the assumption that declarative recall causes changes in retrieved memory content that are best
understood within the mechanisms of the procedural memory system.

Introduction

In the next chapter, we summarize the pedagogical implications of the experimental
psychological phenomenon called the testing effect, and show that the test has proven to be an
effective long-term learning method in both laboratory experiments and field studies. We show
that it is effective in relation to many curricula (e.g. foreign language learning, acquisition of
scientific concepts, scientific knowledge, etc.) and in groups with varied abilities and
educational background. The test not only helps to acquire the given curriculum, but also
provides a transfer for the acquisition of a similar level of knowledge with a similar structure.
We show that the test is not only a more effective learning method as opposed to simple re-
learning, but also compared to popular elaborative learning methods such as concept mapping
widely used in open educational systems. We then present our experiments that demonstrate
that the test proceduralizes learning and memory in a manner similar to that of skill learning
widely used in efficient training programs of closed systems. That is, test-based learning
methods must take into account the aspects and boundary conditions explored in skill learning
trainings in order to be effective enough.

Translational educational science

Perhaps, one of the greatest interdisciplinary challenges for education is how to translate the
results of cognitive psychological research in the topic of learning and memory into the practice
of everyday education. Roediger (2013) articulated the importance of this issue and stressed the



necessity to develop a so-called “translational educational science” that would be capable of
translating basic research findings related to memory processes into educational practices and
techniques.

Strongly related to this topic, Csaba PIéh and colleagues examined the classical and new
relationships between pedagogy and psychology in two comprehensive studies (Pléh, 2013,
Pléh & Farago, 2016). Following Rothkopf (2008), they drew attention to the fact that conflicts
over the perception and operation of pedagogical institutions — called provocatively open
systems (such as the common schools, universities, and many commercial vocational schools),
arcade products (such as books, computer programs, and videos) and closed systems (such as
corporate or military training) — can only be achieved through applying psychological scientific
models of memory and learning. According to Rothkopf (2008), only closed systems are
strongly dominated by concern about efficiencies. Open systems aim to be consistent with
cultural expectations, whereas arcade products include attractiveness and the avoidance of
egregious errors. As Pléh and Faragd (2016) highlighted, the great pedagogical-psychological
dilemma of today is that many forces try to make the open system closed or to be arcade
products in the name of efficiency. Moments of arcade products appear in the open system (let
the university be full of joy), however, due to the lack of criteria for arcade products, it is
difficult to lead anywhere. A clear criterion analysis of closed systems is difficult to implement
in the open system as a whole. P1¢h (2013) concluded that from a pedagogical point of view,
one of the most significant conceptual innovations in cognitive research has been the emergence
of increasingly sophisticated models of multiple memory systems. As P1éh (2017) pointed out,
this could have been accomplished through the synthesis of old philosophical and pedagogical
principles.

Following the thoughts of Aristotle and Plato, Ryle (1949) proposed a distinction between
declarative (“knowing that™) and procedural (“knowing how) systems. Perhaps the best-known
modern version of this theory was developed by Squire and colleagues (see e.g., Squire 1987,
Squire, Knowlton, & Musen, 1993) who made a distinction between procedural (skills and
abilities) and declarative (episodic and semantic) forms of learning and memory. The key factor
here, according to P1éh (2017), would be to incorporate procedural learning forms and trainings
used in closed systems and arcade products into educational programs and to build complex
semantic knowledge in open systems.

The core properties of automaticity and skill learning

Skill acquisition is suggested to be based on the process of automatization that refers to the
progress when one forms a direct association between a stimulus (cue) and a response (for
overviews, see Anderson, 1992; Logan, 1985, 1988a, 1988b, 2005; Schneider & Shiffrin, 1977,
Shiffrin & Schneider, 1977). Automatization can be described along a set of properties that
makes it distinguishable from other types of learning. First of all, automatic behaviours do not
require (extra) attentional resources (Hasher & Zacks, 1979; Schneider, Dumais, & Shiffrin,
1984). Since automatic behaviour is not limited by attentional capacities, these processes are
fast (see Logan, 1988a; Newell & Rosenbloom, 1981). In fact, there is a consensus among
theories of skill learning that response time at learning (or training) follows a nonlinear function
(e.g., Logan, 1988a; Josephs, Silvera, & Giesler, 1996; Logan, 1988a; Newell & Rosenbloom,
1981; Palmeri, 1997; Thorndike, 1913). Among others, the “power law of practice” represents
the quantitative properties of automatization that became a benchmark test for studies



investigating automatization in terms of response speed (Logan, 1988a; Newell & Rosenbloom,
1981). Because there is no need for attentional capacities during automatic behaviour, they
require no effort (Hasher & Zacks, 1979; Schneider & Shiffrin, 1977). In other words, one core
feature of automatization is the reduction of processing load during learning. Due to the fact
that automatic behaviour is (unconsciously) triggered whenever the stimulus is given,
performance in tasks assessing automaticity is not reduced in dual task situations (see Logan,
1992, for an overview). In contrast, controlled processes are capacity limited, effortful, and
slow (Schneider & Shiffrin, 1977; Shiffrin & Schneider, 1977).

In fact, several authors propose that automatization is a memory phenomenon meaning that
automatic behaviour is based on the direct retrieval of a response following the presentation of
a cue (stimulus) (see Logan, 1988, Newell & Rosenbloom, 1981; Schneider, 1985).
Importantly, this kind of retrieval can occur as the consequence of the continuous strengthening
of stimulus-response connections during training (LeBerge & Samuels, 1974). These latter
findings underline the essential role of practice in the process of automatization.

The testing effect

Perhaps the most attention-grabbing experimental results in the field of cognitive psychology
research and in the topic of memory and learning in recent decades have been those that have
shown that testing or retrieval leads to more robust long-term knowledge than any other form
of declarative learning, a phenomena called the testing-effect (see Roediger, Putnam, & Smith,
2011). In a typical experimental procedure of the testing effect phenomenon, following an
initial learning phase, participants took part either in a retrieval practice or in a repeated study
task with the initially studied items (see e.g., Karpicke, Lehman, & Aue, 2014). The final
retrieval of all items could be either a few minutes or days after the practice phase. The most
robust finding is that items practiced through retrieval show decreased forgetting rate and that
retrieval practice has a long-term benefit relative to study practice (Roediger & Butler, 2011;
Roediger & Karpicke, 2006). Specifically, most studies found an interaction between the
lengths of delay before final recall (minutes or days) and the form of practice (repeated retrieval
or study) and showed a short-term advantage of repeated study and a long-term retrieval
practice benefit (Thompson, Wenger, & Bartling, 1978; Wheeler, Ewers, & Buonanno, 2003;
but see Karpicke et al., 2014).

Overall, an extensive amount of research has shown that taking a memory test on some learning
material can improve long-term retention relative to repeatedly studying the material, a
phenomenon known as the testing effect (e.g., Carrier & Pashler, 1992; Roediger & Butler,
2011; Roediger & Karpicke, 2006; Wheeler & Roediger, 1992). Moreover, knowledge acquired
by retrieval practice is more resistant to interference effects (Kliegl & Bauml, 2016; Racsmény
& Keresztes, 2015; Szpunar, McDermott, & Roediger, 2008; but see Siler and Benjamin [in
press] for evidence that under certain conditions, testing does not appear to reduce forgetting,
but it is a potent means of enhancing inference). Additionally, retrieval practice leads to the
better organization of the acquired knowledge, enhances transfer of information to new
contexts, and produces faster access to learned information (Jacoby, Walheim, & Coane, 2010;
Racsmény, Sz6ll6si, & Bencze, 2018; Zaromb & Roediger, 2010). Altogether these
characteristics of retrieval-based learning make test a potential powerful tool for improving
learning in everyday educational practice (Dunlosky, Rawson, Marsh, Nathan, & Willingham,
2013; McDermott, Agarwal, D’ Antonio, Roediger, & McDaniel, 2014; Roediger et al., 2011).



Furthermore, retrieval practice is more effective in terms of long-term memory retention than
restudy even when repeated study involves the elaborative encoding of the material (Karpicke
& Blunt, 2011; Karpicke & Smith, 2012). Naturally, many learning strategies have been
developed in the past decades other than restudy (or re-learning) and test practice. Based on the
empirical findings, however, it seems that retrieval practice is more beneficial than various
types of learning/practice strategies that have spread in educational practice. One of the most
popular learning techniques nowadays is the so-called concept mapping strategy. In this
method, individuals construct nodes and links that represent concepts and relations among these
concepts, respectively. Based on recent empirical findings, retrieval practice is even more
effective than concept mapping (Karpicke & Blunt, 2011). In a review article, Dunlosky and
colleagues (2013) compared the efficiency of different learning techniques including various
types of retrieval practice (e.g., distributed and interleaved retrieval) and other frequently used
learning strategies. The authors suggest that some techniques have very low success rate, such
as when students are instructed to mentally imagine the contents of texts (see Leutner, Leopold,
& Sumfleth, 2009) or to highlight/underline different parts of verbal materials. Other techniques
seem to be more beneficial, such as when students are asked to generate explanations for facts
(see e.g., Pressley, McDaniel, Turnure, Wood, & Ahmad, 1987) or for some aspects of
processing/problem solving during learning (see e.g., Schworm & Renkl, 2006). The authors
finally concluded that using memory tests is the most effective way, especially when the tests
are separated by delays (Cepeda, Vul, Rohrer, Wixted, & Pashler, 2008; Rawson & Dunlosky,
2012).

Prominent and partly conflicting accounts of the testing effect proposed that high strengths of
memory traces are due to the effort required to retrieve a specific item, or assumed that every
act of retrieval adds new semantically appropriate cues or new temporal/contextual features to
retrieved memories (Carpenter, 2009; Karpicke et al., 2014; Kornell, Bjork, & Garcia, 2011).
However, the long-term benefit of retrieval-based learning is still without unanimous
explanation.

Similarities between skill learning and retrieval-enhanced learning

It leads to an interesting observation when one compares the experimental literatures of skill-
learning and the testing effect. Specifically, information acquired through repeated retrieval is
characterized with different attributes in comparison with repeatedly studied information. For
instance, information learned by repeated retrieval is (1) more resistant to interference effects
(Racsmany & Keresztes, 2015; Szpunar et al., 2008), (2) shows a lower forgetting rate
following weeks or months (Roediger & Butler, 2011; Roediger & Karpicke, 2006), and (3)
remains accessible in multitasking situations where attentional processes are heavily loaded
(Mulligan & Picklesimer, 2016). Compellingly, the above properties of retrieval-based learning
are also the characteristics of skill learning (Kuhl, Dudukovic, Kahn, & Wagner, 2007; Newell
& Rosenbloom, 1981; Schneider & Chein, 2003; Squire & Zola, 1996).

Moreover, it is also known that spaced initial retrieval practice produces greater memory
benefits than massed initial retrieval (Jacoby, 1978; Whitten & Bjork, 1977). Similarly,
distributed practice in simple and complex skill learning is also superior to massed learning
(Lee & Genovese, 1988). Another finding is that retrieval practice with relatively infrequent
and weak retrieval cues produces better memory than the same practice with strong and frequent
cues (Carpenter, 2009). Similarly, it was found that reduced frequency of knowledge of results



enhances motor skill learning (Winstein & Schmidt, 1990). The number of practice trials is
important in both retrieval-based learning and skill learning, as it was found that one or two
practice trials are less beneficial than a higher amount of repeated practice (Hanawalt, 1937;
Logan, 1988a).

Along with these similarities, two recent functional magnetic resonance imaging (fMRI) studies
drew attention to another dependent variable that should be relevant to all accounts of human
memory (Ratcliff & McKoon, 2000), namely, the reaction time of retrieval (Keresztes, Kaiser,
Kovacs, & Racsmany, 2014; van den Broek, Takashima, Segers, Fernandez, & Verhoeven,
2013). Both of these studies found that retested items were retrieved faster than restudied ones
both 20 minutes (Keresztes et al., 2014) and 7 days (Keresztes et al., 2014; van den Broek et
al., 2013) following practice. These results were in line with previous studies that found
decreased retrieval latencies during selected retrieval practice (Keresztes & Racsmany, 2013;
Roman, Soriano, Gomez-Ariza, & Bajo, 2009), retrieval of semantic facts (Pirolli & Anderson,
1985) and list recall (Lehman, Smith, & Karpicke, 2014).

Moreover, van den Broek and colleagues (2013) scanned participants during retrieval/restudy
practice and found increased activity in the striatal cortex, in the thalamus, and in the associative
cortex during retrieval practice, a finding resembling patterns typically observed in skill
learning studies (Raichle, Fiez, Videen, MacLeod, Pardo, Fox, & Petersen, 1994). In another
study, Keresztes and colleagues (2014) scanned participants during a cued-recall task either
twenty minutes or 1 week following retest/restudy practice, and found decreased control
network activity for retested items in comparison with restudied items, with no change in
activation level after a 7-day delay. These results suggest that retrieval practice produces faster
retrieval at the final test, and that this reduction in response speed is associated with increased
basal ganglia and decreased control network activities, again, a typical finding in skill learning
literature (Hikosaka, Nakamura, Sakai, & Nakahara, 2002; Kuhl et al., 2007; Newell &
Rosenbloom, 1981; Schneider & Chein, 2003). Altogether, these attributes of test-enhanced
learning could point to the hypothesis that while retrieval practice is a declarative learning
strategy, it shows a similar automatization pattern for item retrieval that is usually observed in
skill learning (Squire & Zola, 1996).

The automatization of retrieval during practice: Evidence from response latency,
psychophysiology, and brain stimulation

Learning involves processes when one forms associations between pieces of information (e.g.,
associating a name to a face) among a variety of other processes. Therefore, laboratory studies
prefer to use paired associates as stimuli in learning paradigms (see Calkins, 1984). In a set of
three experiments we also used paired associates (word pairs) as study materials to investigate
response latency during retrieval practice and its relationship with long-term memory retention
(Racsmany et al., 2018). Following the tradition of previous studies (see e.g., Karpicke &
Roediger, 2008; Wheeler et al., 2003), after initial (intentional) learning, participants practiced
the word pairs either by repeated study or by retrieval practice in six subsequent blocks. Former
refers to the repeated representations of the study material (restudy condition), whereas latter
refers to a cued recall task when subjects were instructed to recall the target words in response
to the cue words (retest condition). Following either a short or a longer time delay (few minutes
and one week, respectively), memory for all word pairs was tested. The task is illustrated in
Figure 1a.



In line with the findings of several former studies (for an overview, see Roediger & Karpicke,
2006), results showed better long-term memory for the tested word pairs relative to the recall
of the restudied items — indicating a significant testing effect. Beside this replication, results
revealed that response latency during retrieval practice followed a power function. Specifically,
reduction in response speed showed a substantial gain in the early phase of practice (see Figure
1b). Most importantly, the measure of goodness of fit to this power function was associated
with short- and long-term final recall success suggesting a positive relationship between the
level of automatization and memory retention. Furthermore, at final recall, response latency
was longer in the restudy than it was in the retest condition (this finding was later replicated by
others, e.g., Kubik, Jonsson, Knopf, & Mack, 2018; Marian, Sz6116si, & Racsmany, 2018),
indicating that the accessibility of tested elements was easier and probably automatic.
Altogether these results point to the conclusion that the automatization of retrieval is a core
component of the testing effect phenomenon and lay the basis of a new explanatory framework
to better understand the nature of retrieval-based learning and its long-term efficiency.

Neil Mulligan and Daniel Peterson also pointed out that retrieval practice strengthens the
associations between targets and cues (Mulligan & Peterson, 2013). This finding is consistent
with our results showing that test practice decreases response latency at the retrieval of cue-
target associations (Racsmany et al., 2018). However, the authors highlight that while retrieval
strengthens cue-target relations, it disrupts the processing of inter-item relational information
(see also Mulligan & Peterson, 2015a, 2015b). Consequently, if final recall needs to be based
on inter-item relationships, retrieval practice leads to lower memory performance as compared
to restudy practice (a phenomenon termed the negative testing effect). Therefore, it should be
mentioned that under special circumstances repeated study is a more effective learning strategy
as compared to test practice.

Take into account that the process of automatization can be described along a set of core
properties (other than with the reduction of response speed), the question arises whether there
are further similarities between skill acquisition and retrieval-based learning. One crucial
property of automatization is the reduction of processing load during practice (for an overview,
see Logan, 1988a). Accordingly, Neil Mulligan and Milton Picklesimer (2016) reported that
recall performance was reduced by divided attention after restudy practice but not after retest
practice indicating that less attention during a memory test does not reduce the benefit of
retrieval on subsequent recall (for similar findings, see Gaspelin, Ruthruff, & Pashler, 2013).
This study, however, did not directly measure the processing load of recall during practice.
While dual task experimental designs (such as in the study of Mulligan & Picklesimer, 2016)
give an opportunity to indirectly estimate processing load, the detection of changes in pupil
diameter (pupillometry) is an online measure of processing requirements. Specifically, an
increase in task-evoked pupillary response (TEPR) is thought to be associated with higher
processing load (Hess & Polt, 1964; Kahneman, 1973; Unsworth & Robison, 2015). Therefore,
in two experiments, we used pupillometry to examine processing load during retrieval practice
and its relationship with subsequent recall performance (Pajkossy, Sz6lldsi, & Racsmany,
2019). As expected, TEPR decreased as a function of repeated retrieval cycles during practice
(see Figure 1c). Additionally, TEPR was smaller at final recall in the retest condition than it
was in the restudy condition after both a brief delay of minutes and a relatively long delay of
one week. In sum, retrieval reduced processing load and the involvement of the attentional
control network at practice and at later recall.

Strongly related to processing load, one important neuroanatomical structure that plays a key
role in effortful attentional control processes is the dorsolateral prefrontal cortex (DLPF)



(Barbey, Koenigs, & Grafman, 2013; Curtis & D’Esposito, 2003). Recent research has shown
that the initial retrieval of memories was associated with an increase in the activity of the
DLPFC indicating that initial memory retrieval requires effortful attentional control processes.
Furthermore, following initial recall, subsequent repeated retrieval was associated with a
gradual decrease in DLPFC activity and this decrease was related to better subsequent memory
performance (Karlsson Wirebring, Wiklund-Horngvist, Eriksson, Andersson, Jonsson, &
Nyberg, 2015). Consequently, it seems plausible that the maintenance of DLPFC activity during
repeated retrieval should have a negative impact on memory retention. To test this assumption,
we used a brain stimulation technique (transcranial Direct Current Stimulation, tDCS) (Marian
et al.,, 2018). At first, participants studied a list of word pairs, such as in our previous
experiments listed above. As tDCS is suggested to exert its effect not only at stimulation but
also after that (Nitsche & Paulus, 2003), the anodal (excitatory) stimulation of the DLPF
occurred before a practice phase while subjects practiced the study material by either repeated
study or cued recall. Our findings revealed that the anodal stimulation of the DLPFC disrupted
the long-term retention of memories one week after the practice phase (as compared to a control
condition where no stimulation occurred).
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Figure 1. (A) The procedure of the memory task developed to investigate the testing effect
phenomenon. Following the initial study of paired associates (Swahili-Hungarian word pairs)
participants practice the material with either repeated study (restudy) or cued recall (retest) in a
number of subsequent cycles. Finally, memory for all word pairs is tested where participants
are required to recall the target items (Hungarian words) in response to the cues (Swahili
words). (B) Response latency during retrieval (retest) practice (Racsmany et al., 2018). The
points represent the observed data (means with error bars indicating the standard error of the
mean); the line represents the model predicted data (RL = a + bN”-c, where RL: response
latency, a: minimum time required to retrieve the target, b: the amount to be learned, N: number
of practice cycles, c: learning rate). (C) Task-evoked pupillary response during five retrieval



(retest) practice cycles (Pajkossy et al., 2019). The x-axis gives the time relative to the “onset”
of retrieval (0 sec). The y-axis gives baseline corrected values (means in mm).

Highlights and suggestions for educational practice: The role of feedback and the effect
of acute stress

Reviewing the most important results of our experiments listed above, it has been demonstrated
that response latency (Racsmany et al., 2018) and pupil diameter (Pajkossy et al., 2019) showed
a gradual decrease during retrieval practice and that the maintenance of attentional control
activity prevented memaories from automatization and led to lower long-term recall performance
(Marian et al., 2018). Based on these observations, we propose that individuals benefit from
those learning strategies that allow the automatization of cue-target associations and retrieval.
Importantly, there are additional useful suggestions for educational practice on how to further
improve students’ learning efficiency and study skills. For example, a relatively short delay
between initial learning and the first retrieval attempt promotes memory retention (Jacoby,
1978). Moreover, wide spacing between retrieval attempts (i.e., practice cycles) further
improves memory performance (Karpicke & Bauernschmidt, 2011; Landauer & Bjork, 1978;
Pyc & Rawson, 2009). Other authors emphasize the critical role of (elaborative) feedback
during practice that enhances the benefit of retrieval on long-term retention. Specifically, it
seems to be crucial not only to inform students whether the response is correct or not, but to
provide them the correct answers (e.g., Agarwal, Karpicke, Kang, Roediger, & McDermott,
2008).

However, a recent study pointed out that feedback could have a negative impact on the testing
effect (Storm, Friedman, Murayama, & Bjork, 2014). In this study of Benjamin Storm and
colleagues, subjects completed not only one but six subsequent final tests one week after
restudy/retest practice. Crucially, at final recall, participants received feedback after each and
every retrieval attempt by getting the right answers. Interestingly, feedback at long-term final
recall reversed the testing effect (i.e., subjects showed better memory after restudy practice
relative to retest practice) after one single final test cycle (see also Pastotter & Bauml, 2016).
However, if one has a closer look on these findings, memory performance was extremely low
on the first final test in this study (18% and 25% in the restudy and test conditions, respectively).
Therefore, we aimed to improve subjects’ retrieval success at the beginning of practice and to
assess the impact of this experimental manipulation on later recall. For this reason, we applied
multiple pre-practice learning trials (Racsmany, Sz6116si, & Marian, 2020). As expected, when
participants saw the study material three/six times in the initial study phase (and not only once
as in the study of Storm and colleagues), no reversed testing effect was found in the final test
trials. Instead, the tested items were better remembered. Thus, we suggest what other authors
also stressed (for an overview, see e.g., Karpicke et al., 2014) that students should reach a
criterion level at initial learning in order to be successful at retrieval practice.

The New Theory of Disuse is one of the most influential theories in the scientific literature of
memory research (Bjork & Bjork, 1992; see also Bjork & Bjork, 2013). This theory makes a
distinction between two dimensions (or features) of memories. While storage strength is a
measure of learning, retrieval strength is an index of the accessibility of memory
representations. This theory predicts an increase in storage strength following successful
retrieval attempts and states that without continuous access to learnt information forgetting
occurs. Therefore, we can assume that when participants’ recall success improved during



practice as a consequence of multiple pre-practice learning trials in our study (Racsmany et al.,
2020), it led to an increase in storage strength and this increase in storage strength resulted in
better long-term memory retention.

Further corroborating the universality of the testing effect phenomenon, the beneficial influence
of retrieval practice on long-term memory retention has been demonstrated outside the
laboratory as well, such as in the classic study of Herbert F. Spitzer from the early 20th century
who tested more than 3500 students from almost 100 elementary schools (Spitzer, 1939; later
replicated on a smaller sample by Sones & Stroud in 1940). Recent studies further strengthened
the ecological validity of the testing effect by showing superior memory after retest practice
using a variety of test formats (including multiple-choice, short-answer, group, and individual
quizzes) (e.g., Agarwal et al., 2008; Cranney, Ahn, McKinnon, Morris, & Watts, 2007;
McDermott et al., 2014; for additional examples, see e.g., the meta-analytic review paper of
Bangert-Drowns, Kulik, & Kulik, 1991; for an overview, see e.g., Butler, 2018). Also, the
positive impact of testing has been shown outside the laboratory as well in college/university
courses (Cranney et al., 2009; McDaniel, Anderson, Derbish, & Morrisette, 2007; VVojdanoska,
Cranney, & Newell, 2010), high school courses (Nungester & Duchastel, 1982), and elementary
school courses (Lipowski, Pyc, Dunlosky, & Rawson, 2014). Relatedly, memory tests seem to
be advantageous in terms of memory retention in various age groups including pre-schoolers
(Fritz, Morris, Nolan, & Singleton, 2007), elementary school children (Lipowski et al., 2014),
high school students (Nungester & Duchastel, 1982), as well as in healthy (Meyer & Logan,
2013; Tse, Balota, & Roediger, 2010) and pathological ageing (Camp, Foss, O’Hanlon, &
Stevens, 1996). Furthermore, although a long line of research investigated the testing effect
phenomenon in laboratory settings using associative learning paradigms, the advantageous
effect of testing is present for a wide range of stimulus types, such as for word lists (Wheeler et
al., 2003), short passages from textbooks (Rawson & Dunlosky, 2011), and articles (Spitzer,
1939).

One further crucial aspect of testing is that it enhances the transfer of learning (for overviews,
see Carpenter, 2012; Karpicke, 2017), for example the transfer across different test formats. In
other words, test enhances memory performance even when the types of retrieval (e.g., free
recall, cued recall, recognition) differ between practice and the final test (e.g., Glover, 1989;
Kang, McDermott, & Roediger, 2007; Karpicke & Blunt, 2011). However, it seems that recall
is a more beneficial practice strategy as compared to various types of recognition memory tasks
(Kang et al., 2007). Based on these findings, memory researchers suggest to use open-ended
questions in educational practice instead of multiple-choice questions also because students are
encountered with incorrect responses as well when they complete a recognition memory test.
Additionally, retrieval practice enhances transfer across different domains of knowledge. That
is, when the target information is tested in the form of retrieval practice, it leads to better
memory for related materials that were never tested (Chan, McDermott, & Roediger, 2006).
This facilitative effect is not present following restudy practice with no opportunity of testing.
Relatedly, test has a beneficial influence on the retrieval of factual knowledge for the tested
material and also when individuals respond to conceptual questions that needs the abstraction
of concepts from different parts of a text (Butler, 2010). Several furthers studies have shown
that the initial retrieval of a study material helps to respond problem-solving and inference
questions at final tests (see Blunt & Karpicke, 2014; Karpicke & Blunt, 2011). Finally, testing
promotes the acquisition and application of rules for novel materials never tested before (Kang,
McDaniel, & Pashler, 2011).



One substantial difference between laboratory studies and educational practice, however, that
typical testing situations in everyday life (e.g., exams, job interviews, competitions) are
stressful experiences. In these situations, individuals tend to be motivated to perform well
despite the considerable stress they experience. For that reason alone, it seems to be a thought
provoking finding that the testing effect can be eliminated when practice occurs under high
pressure (Hinze & Rapp, 2014). Thus, it seems to be also essential to find out whether retrieval-
based learning is an effective learning strategy if final recall occurs under stress (as in an exam,
by way of only one example). To answer this question, we conducted an experiment where
participants were exposed to a psychosocially stressful situation immediately before the final
recall of paired associates. Our results showed better memory at final recall after retest practice
(when compared to restudy practice) despite subjects’ enhanced acute stress levels, as measured
by salivary cortisol levels, alpha-amylase activity as well as subjective ratings of negative
affective states (Szo6l16si, Keresztes, Novak, Szaszi, Kéri, & Racsmany, 2017; but see Smith,
Floerke, & Thomas, 2016). Based on these findings we believe that retrieval-based learning is
an especially efficient learning strategy even if individuals have to/want to perform well in
stressful situations (see also Pastétter, von Dawans, Domes, & Frings, 2020).

Conclusions

In light of all these results, it seems that retrieval-enhanced learning can be an educational tool
in the hands of open systems that can achieve similar efficiencies in building complex
declarative knowledge as that achieved by closed systems and arcade products. Educational
programs built on the principle of retrieval-enhanced learning can result in long-term
knowledge that is resistant to stress and interference with more and more learning, while
facilitating the transfer of new knowledge.
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