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Abstract The testing effect is a finding from cognitive psychology with relevance for education. It
shows that after an initial study period, taking a practice test improves long-term retention compared
to not taking a test and—more interestingly—compared to restudying the learning material.
Boundary conditions of the effect that have received attention include the test format, retrieval success
on the initial test, the retention interval, or the spacing of tests. Another potential boundary condition
concerns the complexity of learningmaterials, that is, the number of interacting information elements
a learning task contains. This insight is not new, as research from a century ago already had indicated
that the testing effect decreases as the complexity of learning materials increases, but that finding
seems to have been nearly forgotten. Studies presented in this special issue suggest that the effect may
even disappear when the complexity of learning material is very high. Since many learning tasks in
schools are high in element interactivity, a failure to find the effect under these conditions is relevant
for education. Therefore, this special issue hopes to put this potential boundary condition back on the
radar and provide a starting point for discussion and future research on this topic.

Keywords Testing effect . Retrieval practice . Complex learning tasks . Problem solving .

Worked examples

In 1989, Glover published an article entitled The Btesting^ phenomenon: Not gone but nearly
forgotten. The testing phenomenon, nowadays known as the testing effect or retrieval practice
effect, B…refers to the finding that students who take a test on material between the time they
first study and the time they take a final test remember more of the material than students who
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do not take an intervening test.^ (Glover 1989, p. 392). Glover argued that although multiple
laboratory studies had been conducted on the testing effect in the late 1970s and the 1980s,
there had been surprisingly little educationally relevant research since Spitzer’s (1939) study
(the first studies advocating the relevance of testing for education are even older—see Gates
1917). However, as Roediger and Karpicke (2006a) note, this neglect of educationally relevant
research on the testing effect continued after Glover’s article. The study by Roediger and
Karpicke (2006a) as well as their review that appeared in the same year (2006b) marked a
change in this situation, rekindling interest in what the testing effect could mean for improving
student learning. A myriad of testing effect studies has been published in the last decade (see
Rowland 2014, for a meta-analysis). Many of those studies used Beducationally relevant
materials,^ and the relevance of the testing effect for classroom learning is increasingly being
stressed in the literature (e.g., Agarwal et al. 2012; Fiorella and Mayer 2015; Karpicke and
Grimaldi 2012; Roediger et al. 2011b; Roediger and Pyc 2012a).

The reason for the quotes around Beducationally relevant materials^ is that the vast majority
of studies in which such materials are used do not concern the complex learning that is
required in many curriculum areas and that is the main goal of most curricula. We define
complex learning tasks as tasks that are high in element interactivity (Sweller 2010; Sweller
et al. 2011). When learning new information that is low in element interactivity, each
individual element can be learned without reference to the other elements in the task. For
example, when learning a list of new Spanish words with their English translation, one item,
such as Bgato–cat,^ can be memorized without reference to another item, such as Bperro–dog.^
Or in history, the fact that BWorld War I began in 1914 and ended in 1918^ can be learned
without reference to another fact, like BThe Netherlands was neutral in World War I.^
Therefore, such learning materials are not complex, although this does not mean they cannot
be difficult for students.

In contrast, complex learning materials such as worked examples that demonstrate how to
solve a problem, or instructional texts on scientific phenomena or mechanical systems, are
typically high in element interactivity, containing various information elements that are related
and must therefore be processed simultaneously in working memory (Sweller et al. 2011). For
instance, when learning about the mechanics of a hydraulic car brake system in engineering, it
is not only necessary to learn the individual components in the system (e.g., pistons, cylinders),
but also how these components interact with each other (e.g., principles of hydraulic multi-
plication and friction). Moreover, the aim is usually not just to learn how the system works, but
also to be able to apply that knowledge to real-world tasks (e.g., being able to diagnose and
repair faults in a system).

The advantage of using element interactivity as a measure of complexity is that it takes into
account essential characteristics of human cognitive architecture. Specifically, element inter-
activity not only considers the complexity of information, but simultaneously considers the
knowledge base of individuals. Information that is complex with many interacting elements for
a novice will be simple for someone with relevant expertise. For an algebra novice, the
problem a/b=c, solve for a, along with its solution is likely to consist of about a dozen
elements. Solving the problem may impose a heavy working memory load because the
elements must be considered simultaneously due to high element interactivity. In contrast,
for most readers of this paper, the problem and its solution may constitute no more than a
single element. Because of information held in long-term memory, we instantly recognize the
problem and know its solution. We are likely to be able to automatically process the problem
and its solution in working memory without an excessive working memory load. Thus, the
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element interactivity of a particular group of elements will change depending on the learner’s
level of expertise. It cannot be specified just by reference to the material.

Surprisingly, very little (published) research has investigated whether the testing effect
would also apply to learning complex, high element interactivity materials. Responding to
critiques and commentaries in which this issue was raised, Roediger and Karpicke (2006b) and
Roediger and Pyc (2012b) confirmed the paucity of studies using complex information, but
suggested that testing should also be beneficial for these materials. To foreshadow, we will
present findings both very recent and a century old, which suggest that the testing effect
decreases or even disappears with more complex materials. Table 1 provides an exemplary but
a nonexhaustive review of studies that investigated the effects of testing as compared to a
restudy control condition, on a delayed final test, that have appeared around or after Roediger
and Karpicke’s study (2006a) and review (2006b) that sparked renewed interest in the effect.
We included only studies that used a restudy control condition, because even though the term
testing effect is also used to refer to beneficial effects of testing as an additional activity (e.g.,
McDaniel et al. 2011; Smith and Karpicke 2014), any beneficial effects of testing as an
additional activity could be due to increased time on task rather than the retrieval activity
itself. Moreover, we only included studies that reported effects on a delayed final test, because
even though some studies have shown testing effects on immediate final tests taking place
shortly after the study/restudy or study/test phase (e.g., Carpenter 2009; Carpenter and DeLosh
2006; Carpenter and Kelly 2012; Kang et al. 2011; Verkoeijen et al. 2012), it has been shown
that the testing effect often only becomes apparent at a delay of a couple of days or more, with
restudy initially, being as, or sometimes even more, effective (e.g., Roediger and Karpicke
2006a; Wheeler et al. 2003).

As can be seen in Table 1, most research was conducted using materials that we estimate are
low in element interactivity. On other occasions, when the learning materials seem to have
been higher in element interactivity, the tests often did not tap high element interactivity
knowledge because they only assessed facts or required recall of terms/ideas. Although we by
no means wish to deny that learning low element interactivity material is required in education
and as such are educationally relevant (e.g., learning new foreign language vocabulary words
in combination with their translation in language class, or learning facts in history, art, or
science classes), most educators are likely to place their emphasis on learning higher element
interactivity information. Low element interactivity information is used as a prerequisite for
learning the more meaningful and complex tasks that we want our students to acquire. For
instance, learning lists of vocabulary words in a second language is a necessity for
accomplishing the more meaningful and more complex tasks of being able to communicate
in that language, understand literature in that language, or read and write business correspon-
dence in that language, which is the ultimate goal of language education. So the question is,
would the testing effect also apply to educationally relevant tasks that are closer to the ultimate
goals of education, that is, to learning more complex tasks or learning from more complex
materials? Table 1 also includes studies presented in this special issue in which this question
was addressed, and as can be seen, they suggest that the answer is in the negative.

Studies on the Testing Effect with Complex Learning Materials

In the contribution by van Gog et al. (2015), four experiments are presented on the effects of
testing when acquiring problem-solving skills through worked example study. They
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investigated the effects of different kinds of testing after worked example study, such as free
recall of the example, solving a problem identical to the example, or solving an isomorphic
problem (i.e., different surface features but the same solution procedure) on immediate and
delayed performance on a final problem-solving test compared to further example study. The
first three experiments were conducted with university students and used the same problems
on diagnosing faults in electrical circuits, while the fourth experiment was conducted with
vocational education students who learned to solve probability calculation problems. Whereas
practice testing in experiments 1 and 2 immediately followed the study of a single example
(i.e., relatively low levels of initial learning), in experiments 3 and 4, the practice test was taken
after studying four examples (i.e., relatively high levels of initial learning). None of the
experiments showed a testing effect.

In three experiments, Leahy et al. (2015) also investigated the testing effect in learning from
worked examples. Their participants were elementary school children (an under-investigated
population in testing effect research; for exceptions, see, e.g., Bouwmeester and Verkoeijen
2011; Goossens et al. 2014; Karpicke et al. 2014a), who either studied worked examples on
reading bus timetables or alternately studied an example and solved a practice test problem.
Experiments 1 and 2 showed no testing effect on an immediate test with the group that only
studied examples outperforming the example-problem group. However, it is not uncommon to
find no differences or an advantage for the restudy condition on an immediate test, but when
taking a final test after a delay of several days, the testing condition usually outperforms the
restudy condition (see, e.g., Roediger and Karpicke 2006a; Wheeler et al. 2003). Therefore,
Leahy et al. conducted a third experiment in which the final test took place 1 week after the
learning phase. Although the reversed effect disappeared, experiment 3 showed no testing
effect either.

Caution is always warranted when interpreting null effects. But if we include an earlier
experiment by van Gog and Kester (2012), then we can conclude that across eight experiments
with three different types of problem-solving tasks, three different types of student populations,
various types of practice tests, and even when success on the initial test is increased by means
of a longer preceding study phase, no evidence was found that the testing effect would also
apply when acquiring problem-solving skills through worked example study.1 One might be
tempted to argue that this lack of evidence in favor of a testing effect is not a consequence of
the meaningfulness and complexity of the task, but somehow stems from the procedural nature
of problem-solving tasks. Whereas word pairs or facts rely on declarative memory, acquiring a
problem-solving skill requires moving from initial, declarative encoding via processes of
schema construction and automation to procedural memory (e.g., Anderson 1982).
However, another study by De Jonge et al. (2015) reported in this special issue, using materials

1 Note that this is interesting and relevant for research on example-based learning. The studies by Van Gog et al.
(2015) and Leahy et al. (2015) were not only inspired by research on the testing effect but also set out to make a
relevant contribution to the research on example-based learning. Studies on learning from worked examples often
only include immediate final tests, so it is necessary to investigate how well knowledge is retained over time and
whether delayed retention could be improved. Moreover, there are only a few prior studies that made direct
comparisons between effects on learning of examples only vs. example-problem pairs (Leppink et al. 2014; Van
Gog and Kester 2012; Van Gog et al. 2011). Such direct comparisons have been called for in light of the
Bassistance dilemma,^ that is, the question of when to provide and when to withhold instructional guidance, or
assistance (Koedinger and Aleven 2007). The finding that problem solving following example study, which is
more active, does not lead to long-term retention benefits compared to the more passive continued example study
is very interesting with regard to this question.
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other than worked examples, seems to support the idea that the element interactivity of the
materials is key.

In their first experiment, De Jonge et al. (2015) had university students learn a complex and
relatively long science text (1070 words and 60 sentences) on black holes. Participants studied
this text, which was presented one sentence at a time in the middle of a computer screen, for
15 min (self-paced). Then, half of the participants continued to study the text for another
15 min, while the other half took a fill-in-the-gap test, in which the text was again presented to
them but now part of each sentence was omitted and learners had to fill it in. Following the
restudy or testing phase, half of the participants in each condition completed the final test (the
same fill-in-the-gap test as in the learning phase) after 5 min, whereas the other half completed
the final test after 1 week. The results of experiment 1 showed no testing effect. De Jonge et al.
decided to conduct a second experiment, in which they used the same material, but now
presented the sentences in a scrambled order, which reduced the element interactivity of the
material. Interestingly, with the sentences being learned in isolation, without reference to other
elements of the text, a benefit of testing was found in experiment 2, albeit only in the sense that
testing slowed down the rate of forgetting compared to restudy.

Note that the element interactivity in the learning materials used by De Jonge et al. (2015)
resulted largely from the context in which the sentences were presented. Also interesting in this
respect is the study by Smith et al. (2013; see Table 1) on learning words in categorized lists. In
their third experiment, Smith et al. did not find a testing effect on a delayed test compared to
restudy, but in their fourth experiment, they did. They ascribe this to their boosting of the initial
retrieval success in experiment 4, by instructing subjects B…to think back to the original study
list in order to complete the word stem^ (p. 1719). However, almost as an aside, they mention
another difference, which is interesting in light of our element interactivity perspective:
BWhereas the study list was blocked by category in the three previous experiments, in
experiment 4 the order of words within the list was randomized.^ (p. 1719). In other words,
an alternative explanation for the occurrence of a testing effect in their fourth experiment might
have been the reduction in element interactivity by presenting words randomly rather than in
categorized blocks.

In sum, these studies seem to suggest that the complexity of learning materials may reduce
or even eliminate (as several studies in this special issue suggest) the testing effect.
Interestingly, this insight is not new, although, as was once true of the testing effect itself
(Glover 1989), it seems to have been nearly forgotten.

Not New, but Nearly Forgotten

In his study BÜber Einprägung durch Lesen und durch Rezitieren^ (BOn imprinting through
reading and reciting^), that appeared over a century ago, Kühn (1914) reported evidence that
the beneficial effects on memory of reciting (i.e., retrieval practice or testing) compared to
rereading decreased as the complexity of the learning materials increased. According to a
Google Scholar search (December 2014), his work has only been cited in nine other publica-
tions. Only two of those are from the present century (the rest is mostly from the 1930s) and
neither of the references from the present century mentions the issue of task complexity effects
(McDermott and Naaz 2014; Zaromb 2010; but see also De Jonge et al. 2015). While the fact
that it was published in German may explain why Kühn’s findings have not been widely cited,
there must be other reasons for his work being largely ignored, as his study is elaborately
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described in Gates (1917). Gates summarized Kühn’s findings regarding the different learning
materials very clearly: BIt appears that the advantage of recitation differs considerably accord-
ing to the kind of material being studied; the more senseless and less connected the material,
the greater the advantage of recitation over reading. Thus, Table IV shows the superiority of
recitation to be rather small in the learning of verses, about twice as great for learning series of
words, and larger still for learning nonsense syllables^ (p. 7).

Moreover, Gates (1917) went on to replicate Kühn’s (1914) findings. He also used two
different kinds of material in his own studies with schoolchildren and adult learners:
Bsenseless, non-connected material^ consisting of nonsense syllables and Bconnected, sense
material in the form of biographies^ (p. 24). The biographies were very brief, consisting of a
few sentences stating mainly facts, so although higher in element interactivity than nonsense
material, element interactivity was not very high. As Gates notes: BWhile this material is
senseful and connected, the organization of different parts of the whole is not so complete and
systematic as would be generally found in poetry or prose, in which ideas are more closely
related…^ (p. 25).

Both for children and adults, his findings showed that for the biographies, the effect of
combining reading with recitation was almost twice as large at the retention test that was
administered after 3 or 4 h than it was on the test immediately after learning, but the effect was
much smaller than for the nonsense syllables. For nonsense material, he also found Bthe more
recitation the better,^ whereas for sense material, a ratio of 40 % reading and 60 % reciting was
best; for older children and adults, a larger proportion of reciting at the expense of reading the
biographies produced no further benefits, and for children in the lower grades, it even hindered
learning. In his work with adults, Gates (1917) additionally investigated learning of four-letter
words (nonconnected sense material) and 20-line stanzas of poetry (connected sense material),
but involving just two participants and one participant, respectively, so the results should be
interpreted with caution. Nevertheless, the findings did suggest that Bthe advantage of recita-
tions over reading is greater the more senseless and unconnected the material. Advantage is
greatest for nonsense syllables, less great for lists of words, and still less great for connected
prose or poetry^ (p. 62).

Given that Gates’ (1917) work is often referred to in contemporary scientific literature as a
classic study on the testing effect, one would expect the fact that the complexity of learning
materials substantially reduces the testing effect to have received more attention. Yet, many
studies in which Gates is cited do not mention his findings regarding the role of the learning
materials in the strength of the testing effect (though there are some exceptions, see for
example, the review by Roediger and Karpicke 2006b), and in contemporary empirical
research, this issue is largely ignored. When boundary conditions of the testing effect are
being discussed, these concern issues such as the test formats, the retrieval success on the
initial test or the provision of feedback when retrieval is unsuccessful, or test spacing
(Roediger et al. 2010), but not the nature of the learning materials.

With the effect being advocated as educationally relevant, the nature of the learning
materials may be an important boundary condition, as it would help teachers and
instructional designers to know for which learning materials or learning tasks benefits of
testing can and cannot be expected. That is, whereas Kühn (1914) and Gates (1917) showed
that the effect decreases as the element interactivity of the material increases, several studies
presented in this special issue that used even more complex materials suggest that it may
disappear altogether. But why would the testing effect decrease or even disappear as the
amount of element interactivity of the learning materials increases?
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Why Does the Testing Effect Decrease with Increasing Complexity
of Materials?

In order to start answering this question, we have to look at existing explanations for the testing
effect with low element interactivity materials. Unfortunately, Balthough testing effects are
empirically well established, why testing is beneficial for memory is not well understood. That
is, very few studies have systematically evaluated theoretical explanations for the memorial
benefits of testing.^ (Pyc and Rawson 2012, p. 737). Moreover, it seems from Table 1 that the
testing effect is not always as clear-cut with low element interactivity learning or test materials
either. There is agreement that testing can affect retention both directly through the act of
engaging in retrieval itself and indirectly by affecting future study (afforded by feedback or
otherwise). Although direct effects of testing have been established (see Roediger and
Karpicke 2006b for a review), several studies in Table 1 only found a testing effect when
additional measures were taken to enhance retrieval on the initial practice test (e.g., Putnam
and Roediger 2013; Tse et al. 2010, for the older adults), and many studies in the table used
feedback after testing as a default. Thus, it is possible that feedback is often a prerequisite for
finding a testing effect with low element interactivity materials, suggesting that the indirect
effect of testing via restudy opportunities may be stronger than direct effects.

Let us begin by looking at two explanations for why testing might be effective. The first
focuses mainly on direct effects of testing through free recall, the second mainly on learning of
paired associates that could explain both direct and indirect effects of testing. Both emphasize
the establishment of associations between elements.

First, free recall tests have been demonstrated to improve retention because of the organi-
zation of information that occurs during the recall (e.g., Gates 1917; Tulving 1962; Zaromb
2010; Zaromb and Roediger 2010). This function may be obsolete when learning complex
information in which the elements are already highly interrelated. Gates (1917) notes that
several of his subjects reported that they grouped the nonsense syllables, and suggests that the
fact that this was more easily done in recitation than in (re-)reading accounts for the large
beneficial effects of recitation on learning nonsense material. Moreover, he also explains the
difference in the effect of recitation between nonsense and sense materials as a function of the
inherent level of organization, when he concludes: BIn short, recitation rendered great service
in creating usable associations within the material where there was none, or in more adequately
noticing and exercising those that were already present. In nonsense material these bonds
between items are absent, and this process of organization and creation of associations is
difficult and essential; learning of such material exists in accomplishing just this organization.
In the connected sense material such as that used in the present experiment, most of these
associations are already present; the material is already organized… The function of recitation
for the formation of these bonds is not required. What is needed is that the ready-formed
associations be noticed and exercised, although, in most cases, bonds in addition to those
found in the material will be required.^ (p. 97). This conclusion seems in line with the findings
by Masson and McDaniel (1981) showing that awareness of relationships between items
during studying also fosters performance on a delayed retention test, presumably because of
the relations that are formed during encoding, as a consequence of which Bthe retrieval of a
particular item is facilitated by retrievability of other items to which it is linked.^ (p. 109).
Moreover, this conclusion seems to align with the findings by Bouwmeester and Verkoeijen
(2011) who showed that children who formed strong gist traces during study or restudy
benefited less from retrieval practice.
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Second, when learning paired associates, it has been suggested that testing may strengthen
memory traces (although there is debate about the mechanisms by which this process occurs;
see, e.g., Carpenter 2009; Karpicke et al. 2014b; Kornell et al. 2015; Pyc and Rawson 2009,
2010, 2012). Memory traces may be strengthened either directly when retrieval is successful or
indirectly through feedback. Without feedback, initial (ir)retrievability has been shown to
determine whether a testing effect occurs at a delayed test compared to restudy, with a testing
effect appearing only for retrievable but not for irretrievable items (Jang et al. 2012). Feedback
has been shown to primarily improve delayed recall of initially irretrievable items but has little
effect on initially retrieved items (Pashler et al. 2005). This result is in line with other studies
showing that success of the retrieval attempt is not important, as long as correct answer
feedback (e.g., Kornell et al. 2009) or a subsequent study opportunity (e.g., Richland et al.
2009) is provided.

Kornell et al. (2015) recently proposed a two-stage framework to explain these findings.
Stage 1 constitutes the retrieval attempt during which related information (mediators) are
activated. Stage 2 is the period in which the answer is available either through successful
retrieval or feedback, at which point links between the cue, the mediators, and the target can be
strengthened. Kornell et al. tested whether it matters if stage 2 is initiated via successful
retrieval or feedback and (although somewhat mixed) their findings suggest that it does not.
Thus, it seems that this model can account for both direct and indirect effects of testing on
paired associate learning.

We have to admit that it is possible that the results of the studies presented in this issue may
have been different if feedback or restudy opportunities after testing had been provided
(although van Gog et al. 2015 did increase the level of success on the initial practice test
through a longer study phase in experiments 3 and 4, yet still failed to find a testing effect).
However, even though the effects of feedback or restudy opportunities on learning more
complex tasks should definitely be addressed in future studies, it should be noted that this
second explanation provided by the two-stage framework of Kornell et al. (2015) again hinges
on the associations between elements established through testing, which is less necessary when
such associations are inherent to the material or if the nature of the material is such that learners
are likely to search for associations when reading the material in order to understand it. If the
benefit of retrieval practice for low element interactivity materials lies mainly in the elaborative
processes that establish relations between information elements, as both the Borganization^ and
the Bmediator strengthening^ explanations seem to imply, this might explain why retrieval
practice is less effective when such relations are inherent to the material or encourage search
for associations when reading.

The other side of the coin is that for complex materials that contain many interacting
information elements, restudy may be more effective than for low element interactivity
materials. Most studies on the testing effect have investigated the benefits of taking practice
tests with materials for which almost literal recall is required. Although it has been suggested
that testing can also boost performance on transfer questions that require inferences (for a
review, see Carpenter 2012), it seems that these studies did not always include a restudy
control condition, so it is unclear whether that transfer effect would be maintained compared to
restudy. Moreover, it is convincingly argued by Tran et al. (2015) that in many studies, the
transfer questions either required very limited transfer (e.g., recalling a word in a sentence that
differed from the word that had to be recalled from that same sentence on an initial test) or
contained cues that were also present in the original text (i.e., corresponding words or terms)
that would invite the correct answer (e.g., Butler 2010). Tran et al. set out to investigate what
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would happen on transfer items that truly required deductive inferences, having students study
scenarios consisting of premises and then engage in restudy or retrieval practice, after which,
on the final test, they were required to answer multiple choice transfer questions that required
deductive inferences from the premises. Across four experiments (of which three included a
delayed test), they found no evidence that having engaged in retrieval practice improved the
ability to make inferences, although their fourth experiment did show a testing effect with
regard to the premises.

Thus, learners who had received practice tests were able to recall more premises (i.e., literal
recall of items, low element interactivity) than students who had restudied, but this did not help
them in making inferences (i.e., processing premises in relation to each other, high element
interactivity). The explanation of Tran et al. (2015) for these findings is in line with this
element interactivity perspective: BFor the retrieval practice condition, participants must
actively recall multiple premises and check whether the premises recalled are relevant to the
presented inference question (i.e., item-specific processing). By contrast, for participants in the
rereading condition, the lack of such demands may have allowed them time and resources to
attend Bonline^ to the relationships between premises (i.e., relational processing). This cogni-
tive work in the learning phase may have paid special dividends in the inference task, but not
in the explicit memory task.^ (p. 140).

While restudying complex materials may pay off on test tasks that require elements to have
been processed in relation to each other, there may also be differences with regard to students’
motivation and metacognitive feelings about their own learning between low and high element
interactivity materials. It has been shown that feelings of difficulty influence estimates of effort
and time to be spent on learning tasks and that feelings of familiarity are negatively related to
feelings of difficulty (Efklides 2006). With low element interactivity material, when students
are confronted with the exact items that they have just studied, they might have the feeling that
these materials are already known from the initial study session, and may not be motivated to
spend time and effort on further study (see, e.g., Metcalfe and Kornell 2003, for evidence that
students will drop items they feel they have learned from further study when given a chance).

The idea that students might feel high familiarity and low difficulty when engaging in
restudy of low element interactivity materials seems in line with the findings on students’
metacognitive judgments. For instance, Roediger and Karpicke (2006a) found that students in
the restudy condition rated the material as less interesting and were more confident in their
ability to remember the materials than students in the testing conditions (the latter was also
found by Agarwal et al. 2008). Although these findings might also simply reflect students’
confidence in restudy as an effective learning method (see, e.g., Karpicke et al. 2009; Kornell
and Son 2009), it is also likely that they underscore students’ overconfidence after restudy due
to feelings of high familiarity or low difficulty. Taking a practice test on the other hand will
soon make it clear to students that they have not sufficiently learned the material, so when
given another study opportunity after the practice test, they may pay more attention and learn
new information they were previously unable to retrieve (cf. findings on Btest-potentiated
learning,^ Arnold and McDermott 2013a, b; see also the two-stage framework of Kornell et al.
2015).

With high element interactivity material, which requires making connections among
various elements in order to be fully understood, it is much less likely that students would
feel the material is familiar after an initial study phase, and they might spend more time (if that
is under their control) and effort on restudy. In other words, perhaps the testing effect is not so
much a consequence of beneficial processes occurring during testing, as it is of suboptimal
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processes during restudy. Kang and Pashler (2014) recently attempted to address this issue.
Instead of varying the complexity of the learning materials, however, they used common low
element interactivity material (Swahili-English word pairs) and experimentally manipulated
the incentives (monetary bonuses or time savings), which in turn was assumed to affect
motivation. According to the authors, the fact that they still found a testing effect provides
Bsome reassurance that lab findings from the testing effects literature likely generalize to real-
world situations in which motivation to learn may be greater^ (p. 183).

That may be true, but the authors used monetary or time incentives as a proxy for (extrinsic)
motivation, with a low element interactivity task. They did not actually assess feelings of
familiarity and difficulty, motivation to invest effort, or actual effort investment as a function of
complexity of the materials. More direct measures of such affective variables would seem
necessary in order to fully exclude the possibility that motivation and/or metacognitive
monitoring may play a role in the reduction or disappearance of the testing effect with high
element interactivity materials. The findings by van Gog et al. (2015) with regard to invested
mental effort are interesting in light of the motivation discussion. The same materials were
used in experiments 1, 2, and 3, and participants in these experiments were university students.
In experiments 1 and 2, mental effort investment seemed somewhat lower in the restudy
(examples only) condition, but did not differ significantly between the restudy and testing
(example-problem pair) conditions (this finding replicates results from the same conditions in
van Gog et al. 2011). So after having studied just one example, participants spent only a little
(and not significantly) less effort on studying another (experiment 1) or the same (experiment
2) example than on solving a practice problem. However, in experiment 3, when participants
had to engage in restudy or testing after having studied four examples, much less effort was
invested in restudy than in testing. This suggests that indeed feelings of familiarity or
perceived/actual task difficulty (i.e., the task becomes easier as learning progresses) may play
a role in the effort participants have to or want to invest in restudy. Future research should
attempt to replicate this finding, however, as the results from experiment 4, with a different
participant population (i.e., substantially lower level of education) than the other three
conditions, did not show the same result as experiment 3.

In sum, it seems that the complexity of learning materials reduces or eliminates the testing
effect either by reducing the effectiveness of testing relative to restudy because the
Borganizational/relational processing^ afforded by testing no longer presents a benefit or by
increasing the effectiveness of restudy relative to testing, by affording processing of relations
between elements and maintaining student motivation for engaging in restudy. Perhaps it is time
to develop a Bmaterial appropriate processing^ (McDaniel and Einstein 1989) framework for the
testing effect. Such a framework could help specify for which learning materials and test tasks
testing or restudy can be expected to be most effective, where BSignificant enhancement in recall is
anticipated only to the extent that the… study strategy encourages processing that is complemen-
tary to the processing invited by the material itself.^ (McDaniel and Einstein 1989, p. 113).

Conclusion

The studies collected in this special issue suggest that the complexity of learning materials
might constitute another boundary condition of the testing effect, by showing that the effect
decreases or even disappears with complex learning tasks that are high in element interactivity,
which are plentiful in education. Of course, each of the studies presented here has its own
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limitations, and in some of these studies, other known boundary conditions of the testing
effect, such as test format, retrieval success on the initial test or feedback when retrieval is
unsuccessful, or test spacing (Roediger et al. 2010), cannot be ruled out entirely as an
alternative explanation. Nevertheless, taken together and in light of the nearly forgotten
findings by Kühn (1914) and Gates (1917), the studies presented in this special issue suggest
that it would be worthwhile to conduct further research on the complexity of learning and test
tasks as a potential boundary condition of the testing effect. It would help teachers and
instructional designers to know for which learning tasks they can and cannot expect benefits
of having their students take practice tests instead of engage in further study. Therefore, we
hope that this special issue encourages debate about and future research on the question of how
the complexity of learning materials affects the testing effect.
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