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Overview
As the title of my dissertation already indicates, the main purpose of the following
work was to take a closer, more thorough, and encompassing look at the desirability of
desirable difficulties (e.g., R. A. Bjork, 1994). The term desirable difficulties thereby
subsumes varying types of difficult, demanding, and challenging learning strategies—like the
application of (learning/practice) tests and generation tasks: Working on and successfully
solving those difficult tasks requires more (cognitive) effort compared to working on easier
learning tasks but thereby leads to increased learning outcomes after a delay (e.g., R. A.
Bjork, 1994; Bjork & Bjork, 2020). Due to these beneficial long-term learning effects, such
difficulties are called desirable. However, previous literature also showed that special
prerequisites have to be given (e.g., higher previous knowledge or higher reading abilities) for
learners to be even able to successfully overcome difficulties and to be actually able to reap
their benefits (see e.g., McDaniel et al., 2002; McNamara et al., 1996). Hence, it is possible
that not all learners benefit equally from such effortful learning tasks and that they might not
be desirable for everyone. Additionally, previous work also found that learners often perceive
difficult tasks as negative and stress inducing (see e.g., Hinze & Rapp, 2014; Khanna, 2015;
O’Neil et al., 1969), thus implying that the usage of desirable difficulties might be rather
unpleasant for learners. Such negative side-effects were then, in turn, often linked to increased
(academic) cheating as well as to impaired later learning outcomes and a reduced
effectiveness of the applied strategies (e.g., Brimble & Stevenson-Clarke, 2005; Seipp, 1991;
Whitley, 1998; Wowra, 2007). Hence, desirable difficulties might lead to negative side-effects
directly during learning and might also cause even more negative consequences later on.
These findings and assumptions indicate that further dimensions or further factors
determining and influencing the (und)desirability of desirable difficulties should be
considered in addition to their effects on long-term learning. Therefore, this dissertation
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focused on potential prerequisites determining learners’ (un-)favourable views of desirable
difficulties and the benefits learners are able to reap through using desirable difficulties.
Moreover, I also focused on negative side-effects and on further negative consequences that
desirable difficulties may directly and indirectly cause. These important—and often related—
issues must be thoroughly addressed before it is possible to give recommendations if, how, or
for whom desirable difficulties can be applied. In addition, my dissertation should also be
stimulating for further research, insofar as that it highlights relevant research issues that need
to be addressed, that it presents open questions that require more empirical testing, and that it
discusses potential implications for future work.
To present the just described issues as best as possible, the following work consists of
two parts: a synopsis and an empirical section. The synopsis thereby serves as a frame for the
published research papers embedded in the empirical section (see Appendix A to F). Thus, the
synopsis links short summarizations and brief descriptions of my conducted work to already
existing literature and discusses findings, implications, recommendations, and future
directions of my research. The empirical section then presents all studies that build this
dissertation in paper-based formats—hence, making my papers available for in-depth reading
to expand the relatively few information given in the synopsis.
The synopsis starts with an introduction of different types of desirable difficulties and
their underlying theoretical basis. My dissertation—and my conducted studies—thereby
focusses mostly on the application of tests as a common and extremely effective desirable
difficulty. I then describe cognitive-motivational learner characteristics that might serve as
prerequisites for positive attitudes towards desirable difficulties, for learners’ usage of
difficult tasks, and for the benefits elicited by desirable difficulties. I then concentrate more
strongly on cognitive abilities that might act as prerequisites or boundary conditions for the
long-term learning effects of desirable difficulties. More specifically, I introduce previous and
own work investigating if learners benefit differently from the application of difficulties
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depending on their intelligence. Subsequent, the synopsis further contemplates how learners
experience the application of tests and if—and to what extent—tests lead to negative sideeffects like more negative evaluations and increased stress perceptions during learning. I then
describe theoretical assumptions and empirical findings indicating that tests might further also
directly and indirectly cause negative consequences like increased academic cheating in later
examinations. Thereafter, my synopsis will contemplate reduced later learning outcomes and
impaired effectiveness of tests as further potential negative consequence indirectly caused by
the application of such tests. I thereby also describe effects of learners’ intelligence and
highlight linkages among the different research issues of my dissertation (concerning
prerequisites, negative side-effects, and negative consequences). At the end of the synopsis, I
discuss, among others, for whom tests are effective, how tests could be implemented to be
beneficial for every learner, and how their benefits can be reaped without suffering under
potential negative side-effects or negative consequences.
In the following empirical section, the 8 studies embedded in my 6 paper-based
manuscripts will be presented following the order in which they were first mentioned in the
synopsis. The first paper thereby consists of one online study addressing linkages among
cognitive-motivational characteristics (internal locus of control, self-efficacy, and trait stress),
learners’ attitudes towards desirable difficulties, and their self-reported usage of those (see
Appendix A). The next paper then presents a classroom study exploring the influence of
learners’ performance expectancies on long-term learning effects of generation tasks (see
Appendix B). After that, the third paper summarized in my synopsis tested in two laboratory
studies if intelligence serves as a cognitive prerequisite for the benefits of desirable
difficulties (see Appendix C): The first study thereby found no long-term learning effects of
generation tasks, whereas the second study resulted in a beneficial effect of a test compared to
a re-reading task. This effect was, in turn, moderated by intelligence and showed that only at
least averagely intelligent learners profited from taking tests. The next paper then investigated
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how learners perceive and experience the application of tests and if tests lead to negative sideeffects during learning (see Appendix D): The findings of one online and one laboratory study
showed that tests caused more negative evaluations of the learning situation, higher
immediate stress perceptions, and higher acute anxiety experiences. My fifth paper then
focused on the assumption that tests directly and indirectly lead to more academic cheating
(see Appendix E): The conducted online study yielded that hypothetical learning situations
including tests indirectly (via heightened negative evaluations of the situation) increased
likelihoods of cheating and justifications for cheating in a later hypothetical examination.
Finally, the sixth and last paper included in my empirical section simultaneously focused on
benefits of tests, on negative side-effects triggered by tests, on further caused negative
consequences, and on learners’ intelligence (see Appendix G): The respective laboratory
study showed that a short test was more beneficial for later learning than re-reading, but that it
also caused more acute stress perceptions, which in turn suppressed the beneficial effects of
tests. Notably, learners’ intelligence was negatively correlated to their stress perceptions and
positively correlated to their later learning outcomes—but did not moderate any of the other
effects.
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SYNOPSIS
Desirable Difficulties and Their Beneficial Long-Term Learning Effects
If asked, students, lecturers, and researchers would most likely all agree that durable
long-term learning, successful knowledge acquisition, and increased academic achievement
are the most desired outcomes of learning strategies applied in schools and universities.
However, although they would agree regarding preferred learning outcomes, students and
lecturers nonetheless often disagree with researchers regarding the best ways to achieve these
goals. For instance, when choosing or evaluating learning strategies, students often use their
immediate subjective experiences while learning as cues for the effectiveness of the learning
task—hence, students (and even their lecturers) often prefer and apply strategies that feel
easy, fluent, and good (like re-reading; e.g., Bjork & Bjork, 2019; R. A. Bjork et al., 2013;
Karpicke et al., 2009; Kornell et al., 2011; Rivers, 2021). Students and lecturers also typically
think that efficient learning is easy learning and that information that is easily processed,
encoded, or retrieved is information that has already been learned well (e.g., Biwer et al.,
2020; Bjork & Bjork, 2019; R. A. Bjork et al., 2013; Kornell et al., 2011; Rivers, 2021).
Accordingly, most students and lecturers believe that specific learning strategies that most fit
students’ learning styles or their (cognitive) abilities should require little effort (e.g., Bjork &
Bjork, 2019; R. A. Bjork et al., 2013). In contrast to these assumptions, researchers have often
argued that easy learning strategies are rather ineffective in the long run, whereas more
difficult, more demanding, and more effortful learning strategies are especially beneficial for
durable long-term learning outcomes (e.g., Bjork & Bjork, 1992, 2011, 2019; DiemandYauman et al., 2011; Dobson & Linderholm, 2015; Karpicke et al., 2009; Kornell et al.,
2011). This applies to the afore-mentioned desirable difficulties (e.g., R. A. Bjork, 1994;
Bjork & Bjork, 2020), which include varying intentionally hindered learning tasks that require
considerable but still manageable cognitive effort during learning. Successfully solving or
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overcoming such difficulties is not immediately beneficial but—more important—elicits
desirable cognitive processes that strengthen memory and increase delayed long-term learning
outcomes (e.g., Bjork & Bjork, 1992, 2011, 2019). Because these findings contrast with
students and lecturers’ typical beliefs and (mis-)conceptions regarding the effectiveness of
learning strategies, it is important to clearly communicate which learning tasks are beneficial
in the long run, to thoroughly describe potentially required prerequisites or boundary
conditions of desirable difficulties, and to highlight possible negative side-effects or negative
consequences caused by such difficult learning tasks.
Desirable difficulties include, among others, distributed practice (e.g., using spaced
instead of massed learning episodes; e.g., Cepeda et al., 2006; Ebersbach & Barzagar Nazari,
2020; C. E. Greving & Richter, 2021), disfluency (e.g., interrupting fluency through harder-toread fonts; e.g., Diemand-Yauman et al., 2011; Eitel et al., 2014; Weissgerber & Reinhard,
2017), and interleaving (e.g., mixing different learning topics; e.g., Brunmair & Richter,
2019; Nemeth et al., 2021; Ziegler & Stern, 2014). Two especially robust, easily applicable,
and empirically well-documented types of desirable difficulties are generation tasks and
(learning/practice) tests: In the beginning, my dissertation will thereby take a closer look on
both these related types of desirable difficulties—however, the main focus will be on the
application of tests. The literature on generation tasks (also often known as: generation,
generation effect, or problem-solving) has often shown that active (self-)generation (of e.g.,
answers, solutions, questions, or examples) is more beneficial than passive consummation of
materials through re-reading texts, studying already solved problems, or memorizing already
worked examples (e.g., Bertsch et al., 2007; McCurdy et al., 2020). These beneficial longterm learning effects of generation tasks were obtained in varying learning settings (e.g.,
schools, universities, or laboratories), for younger and older students, for different forms of
generation tasks (e.g., completing word fragments or sentences, creating synonyms, filling
blanks, generating examples or questions, completing exercises, or working on problem-
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solving tasks), and for a wide range of naturalistic, complex, and curricular topics (e.g.,
astronomy, mathematics, or physics; e.g., Bertsch et al., 2007; Ebersbach et al., 2020;
McCurdy et al., 2020; Moreno et al., 2009; Richland et al., 2005). Regarding the application
of tests (also often known as: quizzing, retrieval practice, testing, testing effect, or test
enhanced learning), previous work has also repeatedly shown that (learning/practice) tests or
quizzes conducted after an initial study opportunity strongly benefit learners’ later learning
outcomes (e.g., Adesope et al., 2017; Dobson & Linderholm, 2015; Pan & Rickard, 2018;
Roediger & Butler, 2011; Rowland, 2014; Schwieren et al., 2017; Yang et al., 2021). Thus,
retrieving information, actively answering test questions, solving test problems, and
generating solutions to test questions is more beneficial than passively re-reading the same
materials, re-studying, note-taking, or concept mapping (especially when feedback is provided
or mistakes are corrected; e.g., Adesope et al., 2017; Agarwal et al., 2021; Batsell et al., 2017;
Dunlosky et al., 2013; Karpicke & Blunt, 2011; Lechuga et al., 2015; Rummer et al., 2017;
Yang et al., 2021). These long-term learning effects of tests were obtained for varying—
complex, curricular, and difficult—topics (e.g., biology, engineering, history, language,
mathematics, or psychology), in different online or face-to-face learning settings (e.g.,
schools, universities, laboratories, or at home/outside of class), and for students of different
age groups (e.g., elementary school students, high school students, or university students; e.g.,
Adesope et al., 2017; Agarwal et al., 2021; Karpicke, 2017; Karpicke & Aue, 2015; McDaniel
et al., 2011; Rawson, 2015; Roediger et al., 2011; Rowland, 2014; Yang et al., 2021). Benefits
of test were also found when applying a wide range of test question formats (e.g., free recall
tasks, multiple-choice questions, short answer questions, application-based questions, or
transfer questions) and for varying types of learning materials presented during the initial
learning opportunity (e.g., word pairs, vocabulary, factual information, conceptual
information, longer textbook paragraphs, live lectures/lessons, or recorded e-lecturers/videopresentations; e.g., Adesope et al., 2017; Batsell et al., 2017; Feraco et al., 2020; Heitmann et
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al., 2018; Jing et al., 2016; Khanna, 2015; McDaniel et al., 2013; Pan & Rickard, 2018;
Roediger & Karpicke, 2006; Rowland, 2014; Yang et al., 2021). Notably, the application of
tests was even effective when tests were administered with different modalities (e.g., orally,
with paper-pencil, with computers, on online-websites, using clicker response systems, with
mobile devices, or with games or game-based online applications; see e.g., Feraco et al.,
2020; Iwamoto et al., 2017; Mavridis & Tsiatsos, 2017; McDaniel et al., 2013; A. I. Wang &
Tahir, 2020; Yang et al., 2021).
Concerning the theoretical basics of tests and generation tasks—and of desirable
difficulties in general—, it is often argued that their beneficial long-term learning effects arise
because their higher difficulty triggers the accumulation of more (cognitive) effort and more
(cognitive) resources: Expending more effort and resources to work on such difficulties and to
overcome such challenging and demanding learning tasks in turn stimulates cognitive
processes that then increase deeper (semantic, systematic, and cognitive) processing,
encoding, and understanding of the to-be-learned information (e.g., Alter et al., 2007; R. A.
Bjork, 1994; Bjork & Bjork, 1992, 2011; Craik & Tulving, 1975; Dunlosky et al., 2013; Pyc
& Rawson, 2009; Roediger & Karpicke, 2006; Tyler et al., 1979). Tests and generation tasks
are also assumed to lead to deeper and more effortful retrieval practice, to more elaboration,
and to more analytic and elaborative reasoning/thinking (e.g., R. A. Bjork, 1994; Bjork &
Bjork, 1992, 2011; Carpenter & DeLosh, 2006; Dunlosky et al., 2013; McCurdy et al., 2020;
Rowland, 2014). They further anchor the learned information in long-term memory, connect
the retrieved/generated information with already stored information, lead to more memory
consolidation, and generally strengthen memory paths, traces, and associations (e.g., Bjork &
Bjork, 1992, 2011; Carpenter, 2009; Gardiner & Hampton, 1985; Hirshman & Bjork, 1988;
Karpicke et al., 2014; McCurdy et al., 2020; Roediger & Karpicke, 2006; for good overviews
of different theories explaining the beneficial effects of tests and generation tasks see also:
Karpicke, 2017; McCurdy et al., 2020). Moreover, the respective literature also highlighted
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the importance of learners’ successfulness while working on desirable difficulties: More
specifically, tests and generation tasks were found to be more beneficial the more test
questions learners could successfully answer, the more information they could successfully
retrieve, and the more information they could successfully generate (see e.g., Abel & Hänze,
2019; Bjork & Bjork, 2019; S. Greving & Richter, 2018; Kaiser et al., 2018; Richland et al.,
2005; Rowland, 2014; Sotola & Crede, 2021). It was accordingly also shown that higher
initial test performances were crucial for later long-term learning effects of tests, insofar as
that learners did not profit from tests when their initial test performance was low and they did
not receive feedback (see e.g., Kang et al., 2007; McDaniel et al., 2007; Sotola & Crede,
2021; fortunately, failures or errors while retrieving or generating can still result in benefits,
especially when mistakes are corrected or when feedback is given, see e.g., Bjork & Bjork,
2019; Kang et al., 2007; Kornell et al., 2009; Kornell & Vaughn, 2016; Potts & Shanks,
2014). Apart from learners’ successfulness, it was also emphasized that the benefits of tests
and generation tasks increase with higher (cognitive) effort and less support during retrieval
and processing, with higher quality and depth of processing and encoding, and generally with
higher difficulty of the tests or the generation tasks (e.g., Alter et al., 2007; Bertsch et al.,
2007; Bjork & Bjork, 1992; Endres & Renkl, 2015; Karpicke, 2017; Karpicke & Roediger,
2007; Pyc & Rawson, 2009; Rowland, 2014; Tyler et al., 1979). It was accordingly also
shown that difficult successful retrieval elicited more long-term learning benefits than easier
successful retrieval and that more difficult test question formats and questions that increase
the depth of retrieval were more beneficial than easier question formats and questions
triggering only more shallow retrieval (e.g., S. Greving & Richter, 2018; Maass & Pavlik,
2016; Pyc & Rawson, 2009). Hence, to be beneficial, tests and generation tasks must be
challenging, difficult, and effortful but should thereby still be solvable and not overwhelming
(see also: Bjork & Bjork, 2019). Karpicke (2017) also noted that a balance between the
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successfulness of learners’ retrieval and the effort they must expend to retrieve the
information must be given for tests to be beneficial.
However, especially these required increases in effort and difficulty often serve as the
basis for lecturers’ worries about the effectiveness of desirable difficulties, for lecturers’
concerns regarding negative impacts of test, and for learners and lecturers previously
described misconceptions concerning beneficial effects of difficult learning strategies (see
e.g., Bjork & Bjork, 2019; Diemand-Yauman et al., 2011; Kirk-Johnson et al., 2019;
Lipowsky et al., 2015; Yang et al., 2021). Thus, not all lecturers or learners might directly
perceive desirable difficulties as positive, helpful, or worth the struggle and not all learners
might in turn be motivated to try to overcome the posed difficulties or to extort more effort
and more cognitive resources while learning. Besides, not all of them might be even able to
increase their effort or resources and to successfully work on such difficult tasks. In line with
these considerations, researchers previously assumed that less motivated or less able learners
might rather give up when trying to solve difficult tasks instead of persisting, mustering more
effort, or encoding the information more deeply (see e.g., Diemand-Yauman et al., 2011;
McNamara et al., 1996). It hence appears valuable to investigate potential prerequisites or
boundary conditions for the successful application of desirable difficulties. In the following, I
will therefore briefly describe different cognitive-motivational learner characteristics that are
linked to learners’ attitudes regarding desirable difficulties and to the beneficial long-term
learning effects elicited by these tasks. I will then turn to a more thorough exploration of
learners’ cognitive abilities and intelligence as prerequisites for the effectiveness of tests and
generation tasks.
Prerequisites for Desirable Difficulties
Cognitive-Motivational Learner Characteristics
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Regarding potential prerequisites for desirable difficulties, it generally seems to be
important that learners appreciate hard work, difficult tasks, or challenges and that they
believe that they will be able to reap their benefits. Otherwise, learners might have
unfavourable views or unfavourable attitudes towards desirable difficulties, might not use
them, might not give their best while learning with them, might not extort more effort, and
might not even try to successfully retrieve, generate, or process the learned information.
Accordingly, previous research showed that learners that are more appreciative of challenging
learning tasks and cognitive engagement (thus, learners with higher levels of need for
cognition) and learners that study with the intention to thoroughly understand and master the
presented learning materials (thus, learners with higher levels of mastery goal orientation) had
more positive attitudes towards desirable difficulties and reported to use them more often
(e.g., Weissgerber et al., 2016, 2018). Similarly, learners that generally feel more challenged
and less threatened in different test situations or by different test tasks (thus, learners with
lower levels of trait test anxiety) held more positive attitudes towards tests, reported to use
them more often (compared to repetition learning strategies), and had, in turn, better grades
(e.g., Weissgerber & Reinhard, 2018). Following these previous findings, we hypothesized
that learners with higher beliefs to be able to control their learning outcomes, with higher
confidence in their success while working with desirable difficulties, and with generally less
stress perceptions in different demanding (learning) situations should have more positive
attitudes towards desirable difficulties (including more favourable views and more
perceptions of usefulness) and should use them more often (Reinhardt et al., 2019; see
Appendix A): As assumed, our online study (N = 504) yielded that higher internal locus of
control and higher self-efficiency were linked to more positive attitudes towards different
desirable difficulties and to higher self-reported usage. Our results further showed that
participants’ trait stress was negatively correlated to their attitudes towards desirable
difficulties and to their self-reported application. When focusing on the specific types of
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desirable difficulties separately instead of on an accumulated score, these negative
correlations were especially distinct for tests. Similarly, Rivers (2021) later showed that
learners’ use of tests was dependent on their beliefs of success, insofar as that they reported to
only use tests instead of re-reading tasks when they believed that they would be able to
successfully retrieve the answers to the test questions. In contrast, they would choose rereading when they believed that the retrieval of the correct answers would be too difficult and
too challenging. Interestingly, it was recently shown that even at first glance farfetched
learner characteristics that are linked to preferences for hard work and effort (like conservate
attitudes) were in turn also related to positive attitudes towards desirable difficulties and to
difficult learning in general (Mariss et al., in press). Hence, previous and own work implies
that (cognitive-motivational) learner characteristics can act as prerequisites for learners’
attitudes towards desirable difficulties and for their self-regulated application of those. In turn,
such characteristics might also be linked to long-term learning outcomes elicited by desirable
difficulties: For instance, learners’ performance expectancies—that are linked to difficulty
perceptions of learning tasks and that serve as amalgamations of subjective ratings,
expectancies, and beliefs how well learners will be able to manage varying tasks (e.g.,
Dickhäuser & Reinhard, 2006; Eccles & Wigfield, 2002; Marshall & Brown, 2004)—might
also influence learners’ effort, motivation, and persistence while working with desirable
difficulties as well as the thereby resulting benefits. Thus, to test these assumptions, a
classroom study was conducted that focused on linkages between participants’ performance
expectancies and the long-term learning effects of generation tasks compared to reading
already solved examples as an easier control task (N = 61; Reinhard et al., 2019; see
Appendix B). The results of this study showed that after a delay of 3-month the assumed longterm learning effects of generation tasks only arose for participants with lower to average
initial performance expectancies. Participants with higher initial performance expectancies
only benefited immediately from generation tasks but not after the delay. A recent study from
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Heitmann, Grund, et al., (2021) in contrast yielded that learners’ hope of success moderated
the effectiveness of tests, insofar as that tests were more beneficial for learners with higher
hope of success and less beneficial for learners with lower hope of success.
Taken together, the just described findings imply that different cognitive-motivational
learner characteristics can not only act as prerequisites for learners’ perceptions of desirable
difficulties but also for the benefits learners are able to obtain through the application of such
difficulties. Some studies thereby highlighted the importance of higher cognitive motivation
to engage in difficult and challenging learning, of higher hopes of succeeding while working
on difficult tasks, and of higher beliefs to be able to control and master their learning
outcomes and the respective difficulties (see e.g., Heitmann, Grund, et al., 2021; Reinhardt et
al., 2019; Weissgerber et al., 2016, 2018). In contrast, other studies instead highlighted the
importance of lower cognitive motivation or of lower performance expectancies (see e.g.,
Reinhard et al., 2019; Schindler et al., 2019). A recent study even found no linkages among
learners’ need for cognition, their grit, and the effectiveness of tests for later learning
outcomes (e.g., Bertilsson et al., 2021). These ambiguous results thus indicate that further
research focusing on linkages among cognitive-motivational learner characteristics, attitudes
towards desirable difficulties, and long-term learning effects of desirable difficulties is still
needed. Moreover, these contrary findings also imply that future research should not only
focus on learners’ beliefs and expectancies to be able to manage difficult tasks but also—and
even more thoroughly—on learners’ actual abilities to successfully work on desirable
difficulties. Bjork and Bjork (2019, p. 166) accordingly stated that: “Desirable difficulties are
desirable because responding to them (successfully) engages processes that support learning,
comprehension, and remembering. They become undesirable difficulties if the learner is not
equipped to respond to them successfully.” Hence, I will now discuss which (and to what
extent) cognitive abilities and intelligence serve as prerequisites that must be given for
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learners to be adequately equipped to successfully respond to desirable difficulties and to reap
their benefits.

Cognitive Abilities and Intelligence

Given the required difficulty of tests and generation tasks, responding successfully to
desirable difficulties—indicated by successful initial performance, successful retrieval, and
successful generation—is probably not automatically possible for all learners, particularly
when learning complex materials. Considering that higher intelligence has often been shown
to be strongly linked to better long-term memory, higher retrieval success, higher initial test
performance, higher long-term learning outcomes, higher academic achievement, and higher
complex problem solving (e.g., Fellman et al., 2020; Fergusson et al., 2005; Kuncel et al.,
2004; Roth et al., 2015; Stadler et al., 2015; Stern, 2015; Strenze, 2007; Unsworth, 2019; T.
Wang et al., 2017), such successful responding should, however, be likely for learners with
higher intelligence. It has additionally been argued that learners can only reap the benefits of
desirable difficulties if they can even muster the required increased effort, the extended
thought, and the more elaborated, analytical, or effortful processing (e.g., Alter et al., 2013;
Oppenheimer & Alter, 2014; see also the aptitude-treatment-interaction or the expertisereversal effect: e.g., Kalyuga et al., 2003; McDaniel & Butler, 2011; Snow, 1989). Higher
intelligence should increase this possibility. Researchers hence assumed that the beneficial
effects of desirable difficulties arise mostly for those learners that can extort the needed
increased effort and that can successfully overcome the heightened difficulty, but additionally
also only for those learners that are not cognitively overwhelmed and do not have to deplete
all their cognitive resources while doing so (e.g., Alter et al., 2013; Bjork & Bjork, 2011;
Kalyuga et al., 2001; Kornell et al., 2011; McDaniel et al., 2002; Oppenheimer & Alter, 2014;
Richland et al., 2005; Rowland, 2014). McDaniel and colleagues (2002) thereby specified that
not only learners’ ability to successfully cope with desirable difficulties is relevant for their
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beneficial effects, but also the amount of cognitive resources learners have left after working
on them: The authors found that both less able as well as more able readers could successfully
solve the posed generation tasks, but that only more able readers actually benefitted from
these tasks in the long-run—potentially because these learners did not have to use up most or
all of their processing capacities to correctly solve the tasks but still had cognitive resources
left to further process and deeper encode the correctly generated information. Because higher
intelligence is strongly linked to higher cognitive resources and to more successful and
effective (cognitive) information processing (e.g., Bornstein et al., 2013; Gottfredson, 1997;
Oberauer et al., 2005; Stern, 2015, 2017; Unsworth et al., 2014; T. Wang et al., 2017), the
same should apply to learners with higher intelligence. Hence, learners with higher
intelligence are assumed to benefit from desirable difficulties more strongly because they
should be able to work on them more successfully than learners with lower intelligence and
should additionally still have enough resources left to process the information more deeply—
even after working on such difficult and cognitive capacities reducing tasks. Moreover,
previous work generally noted the relevance of higher cognitive abilities, higher cognitive
resources, higher knowledge, and higher achievement for obtaining the benefits of desirable
difficulties: More specifically, learners with higher working memory capacities, higher prior
knowledge, more experience, more expertise, higher reading abilities, higher spelling skills,
and those that were generally high achieving were shown to benefit (especially) from
desirable difficulties (e.g., Carpenter et al., 2016; Eskenazi & Nix, 2021; Kalyuga et al., 2001;
Lehmann et al., 2016; McDaniel et al., 2002; McNamara et al., 1996). Notably, (higher)
intelligence was also often found to be strongly related to these cognitive variables (see e.g.,
Bornstein et al., 2013; Fergusson et al., 2005; Gottfredson, 1997; Oberauer et al., 2005; Stern,
2015, 2017; Sternberg, 1997; Unsworth, 2010; T. Wang et al., 2017).
These findings and argumentations indicate that sufficient or higher intelligence might
serve as a prerequisite or boundary condition for the long-term learning effects of tests and
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generation tasks—especially with regard to complex and curricular materials. Nonetheless,
although further research investigating these assumptions is needed and requested (see
Dunlosky et al., 2013), only a small amount of work has until now been conducted to
investigate these research issues. Kaiser et al. (2018) for instance focused on linkages between
school students’ intelligence (indicated by figural inductive reasoning), generation tasks,
previous knowledge, and long-term learning using complex materials in a realistic inquirybased learning setting: They found that higher intelligence was linked to higher previous
knowledge, which was in turn linked to higher long-term learning outcomes after 1-week.
Another study yielded that college students with higher general fluid intelligence benefitted
more form tests (compared to re-reading) after a delay of 2-days when the learning materials
(normed Swahili-English vocabulary) were difficult but not when they were easy (Minear et
al., 2018). Difficult information probably made them increase their effort in order to answer
the test questions successfully, which more intelligent learners were still able to manage,
whereas the easy information were probably too easy for these learners and did thus not
trigger the needed increase in effort that elicits the benefits of tests. In contrast, less intelligent
learners only befitted from tests when the information were easy, probably because for them
easy information already triggered enough additional effort that they were still able to
successfully overcome, whereas difficult information were probably too difficult and only
overwhelming for these learners (Minear et al., 2018). However, previous work also resulted
in contrary findings: For instance, Brewer and Unsworth (2012) showed that when learning
word pairs university students with lower general fluid intelligence benefitted more from tests
after a delay of 1-day than learners with higher intelligence (although learners with higher
intelligence generally performed better and had higher long-term learning outcomes than
learners with lower intelligence). Moreover, elementary school students’ processing speed
(which serves as one aspect of cognitive abilities and fluid intelligence) did not moderate the
effectiveness of retrieving vs. re-reading word lists after a short delay (Karpicke et al., 2016).
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Robey (2017) also found no moderating effect of university students’ general fluid
intelligence on their learning outcomes after a delay of 30-minutes following either tests
retrieving initially learned word pairs or re-studying of these words. These contrary results
might be explained by the different levels of complexity or difficulty of the used learning
materials and by the different delays measuring later learning outcomes: It is possible that
higher intelligence would only be a prerequisite for the beneficial effects of tests when using
more difficult and complex learning materials and after longer delays.
However, due to these varying findings, the generally few conducted studies, and the
importance of this research issue for later applications (e.g., regarding potential boundary
conditions describing for whom tests or generation task should be applied and for whom not),
more empirical research is needed. This applies especially to research using longer delays and
difficult, complex, and curricular materials as implemented in school classes or university
courses: Thus, we conducted two laboratory studies testing the assumption that (higher)
intelligence moderates the effectiveness of generation tasks and tests (Wenzel & Reinhard,
2019; see Appendix C). Both studies included university students as participants (Study 1: N
= 149; Study 2: N = 176), measured intelligence using a valid and detailed intelligence test
assessing overall intelligence and reasoning (Intelligence Structure Test, I-S-T 2000 R:
Liepmann et al., 2007), and assessed participants’ prior knowledge concerning the respective
learning materials before the actual learning phases started (due to the often reported
relevance of prior knowledge, see e.g., Bjork & Bjork, 2011; Kalyuga et al., 2001; McNamara
et al., 1996; Stern, 2015). Long-term learning outcomes were assessed after 2-weeks (Study 1)
and after 1-week (Study 2). In the first study, participants read basic information on linear
regressions and then either learned through working on generation tasks (e.g., actively filling
blanks, sketching a function into a graph, or generating solutions to mathematical questions)
or through reading the already solved tasks. The results showed that participants’ intelligence
was positively correlated with their prior knowledge and with their long-term learning (even
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beyond and under control of prior knowledge). There was, however, no beneficial effect of
the generation tasks on participants’ later learning outcomes and there was also no moderating
effect of intelligence on the effectiveness of the learning tasks. Notably, an applied
manipulation check showed that participants did not perceive the generation tasks as more
difficult than the reading control tasks, indicating that our manipulation of the learning
situation was not successful to begin with. Hence, the generation tasks were apparently not
challenging or demanding enough to elicit the required increased effort and the deeper
cognitive processing that normally trigger the benefits of generation tasks. Although this
contradicted most previous work (e.g., Bertsch et al., 2007; McCurdy et al., 2020), it fitted
some research that did also not continuously result in positive effects of generation (see e.g.,
de Winstanley & Bjork, 2004; de Winstanley et al., 1996; Karpicke & Zaromb, 2010;
Metcalfe & Kornell, 2007). Some researchers even argued that the application of tests is
probably more robust than the application of generation tasks (e.g., Karpicke & Zaromb,
2010). Therefore, our second study (Wenzel & Reinhard, 2019; see Appendix C) tested our
hypotheses using short tests instead of generation tasks. As an initial study opportunity
participants once read a university textbook chapter regarding biopsychology and the
lateralization of the brain. Thereafter, they were given 10-minutes to either re-read the text as
often as they could or to answer multiple test questions (they later received the correct
answers as short feedback). A conducted manipulation check showed that participants
perceived the test as more difficult than the re-reading control task, thus showing that the
manipulation of our learning condition was successful. In line with previous work, the results
of this second study yielded positive correlations among participants’ intelligence, their prior
knowledge, and their learning outcomes. We also found that tests increased participants’ later
learning outcomes compared to the easier re-reading control task, thus supporting the
desirability of tests. This beneficial effect was, in turn, moderated by participants’
intelligence, insofar as that tests were not beneficial for participants with relatively low
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intelligence but increased long-term learning of participants with average intelligence.
Participants with relatively high intelligence benefitted even more from taking a test. This
effect remained robust even when the positive effects of prior knowledge were controlled for.
This indicates that the found interaction-effect was not simply due to the benefits of higher
prior knowledge but that higher intelligence (and its, among others, higher cognitive
resources, better and faster information processing, deeper and more successful retrieval, and
more analytical or abstract thinking) is a valuable prerequisite for the effectiveness of tests.
Taken together, our results again show the robust beneficial effects of short tests—even when
including different test question formats (like short-answer questions and multiple-choice
questions), when assessing varying depths of knowledge (like factual knowledge and transfer
knowledge), and when using realistic and complex learning materials (see also: Adesope et
al., 2017; Agarwal et al., 2021; Pan & Rickard, 2018; Rowland, 2014; Yang et al., 2021). In
addition, our results also supported the theoretical and empirical assumptions that tests might
not be beneficial for every learner but that intelligence might act as a boundary condition for
the effectiveness of tests: Although the effect was small and although replications and further
work (e.g., focusing even more closely on the specific aspects of intelligence) are still
valuable, our results nonetheless yielded that at least average intelligence needs to be given
for learners to be able to reap the benefits of tests. Fortunately, the less intelligent participants
did at least not suffer under the application of tests (there was no poor-get-poorer effect, see
e.g., Stanovich, 1986): Even though less intelligent participants using tests did not outperform
similarly less intelligent participants using re-reading tasks, their later learning outcomes were
at least not worse than the learning outcomes of similar participants using the easier control
task.
Focusing purely on later learning outcomes, these results would hence imply that tests
should be applied in actual learning context because they would be beneficial for most
learners and would not change or decrease the learning outcomes that the remaining learners
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would have achieved anyways using easier tasks. However, the application of tests and their
desirability can—and should—also be considered and evaluated beyond long-term learning
outcomes. Independent of the gains learners can reap by (successfully) working on tests, they
all thereby have to undergo a demanding and challenging learning task, have to work harder
compared to the re-reading task, and have to extort more effort to try to answer the test
questions—and even the learners that profit thereof cannot immediately observe the reaped
benefits but might only realize that the tests had been beneficial after a (longer) delay.
Considering that most learners often mistakenly believe that effective learning feels easy, that
a need to increase the effort to solve a task equals inadequate cognitive abilities, that
immediate performance corresponds to later learning outcomes, and that tests are only
effective for self-evaluations or assessments (see e.g., Bjork & Bjork, 2019; R. A. Bjork et al.,
2013; Kornell et al., 2011; Miele et al., 2011; Muenks et al., 2016), such difficult learning
situations might thus be perceived as unpleasant or not worth the struggle. Hence, the
application of tests and the ensuing difficult and demanding learning situation might result in
negative perceptions, experiences, or evaluations immediately during learning. It is thus
extremely valuable to explore if tests lead to such acute negative side-effects compared to
easier or more fluent leaning situations.

Acute Negative Side-Effects of Tests as Desirable Difficulties
In line with these considerations, previous research has often found that more difficult
tasks generally increase perceptions of threat or anxiety, that experiencing difficulties or
giving incorrect answers feeds negatively into self-perceptions, and that (subjectively)
performing poorly results in higher stress perceptions and elicits more test anxiety (e.g.,
O’Neil et al., 1969; Ott, 2017; Sarason & Sarason, 1990; Schunk & Gaa, 1981). More difficult
tasks and learning tasks that require more effort, more time, or more workload were also
shown to be perceived as more stress-inducing compared to easier tasks (e.g., Kausar, 2010).
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Theoretically, such acute stress perceptions normally arise in situations—or when working on
tasks—that are perceived as threatening and overwhelming instead of challenging and when
individuals think that they do not possess enough cognitive resources or abilities to manage
the posed demands (see e.g., the transactional theory of stress: Lazarus, 1990; Lazarus &
Folkman, 1984, 1987). This should also apply to tests as desirable difficulties, which are even
designed to be difficult, demanding, and effortful and might thereby be perceived as
threatening and stressful tasks, as too demanding, overwhelming, and consuming too many
resources. Because desirable difficulties also reduce leaners’ illusions of competence and their
overconfidence (see e.g., Alter et al., 2007; R. A. Bjork, 1999; Koriat, & Bjork, 2006),
learners get an adequate but potentially unsatisfactory view of their learning progress, which
may further result in perceptions of imbalances between the difficult tasks and learners’
resources or capabilities. In turn, such perceptions often elicit stress and anxiety (e.g.,
Bystritsky & Kronemyer, 2014; Endler, 1997; Epel et al., 2018; Hobfoll, 1989; McGrath,
1970). Leaners were also shown to perceive retrieval failure (which is likely to occur when
working on tests) as a form of negative feedback, to rate tasks including retrieval as less
enjoyable than tasks including re-reading, and to report that re-reading (but not working on
tests) feels good (see e.g., Biwer et al., 2020; Clark & Svinicki, 2015; Rivers, 2021). Previous
research fittingly showed that tests can lead to cognitive overload, to higher general anxiety,
to increased test anxiety, and to more stress (e.g., Hinze & Rapp, 2014; Khanna, 2015; van
Gog & Sweller, 2015). More specifically, Hinze and Rapp (2014) conducted a laboratory
study using realistic science texts as study materials and found that short low-stakes learning
tests led to more immediate feelings of pressure than re-reading tasks. High-stakes learning
tests (operationalized through instructions stating that monetary rewards for the learner and a
fictive partner were dependent of learners’ later learning outcomes) further led to more state
anxiety compared to the low-stakes tests without these instructions and compared to the easier
re-reading tasks. These effects arose for all learners regardless of their trait test anxiety (Hinze
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& Rapp, 2014). Thus, these findings indicate that negative side-effects like increased feelings
of pressure, anxiety, or acute stress perceptions are not restricted to high-stakes situations like
examinations but can also—unfortunately for the respective learners—evolve in varying lowstakes learning situations when using normally beneficial and helpful learning tests. Notably,
contrary results showing that tests had no effects on test anxiety or that they reduced test
anxiety concerning later examinations were also found (see e.g., Agarwal et al., 2014; Nyroos
et al., 2016; Szpunar et al., 2013; Yang et al., 2020). Although these varying results might be
caused by content-related or methodological differences (e.g., concerning the focus on later
examinations instead of on tests themselves, concerning the use of delayed or even
retrospective assessments of stress and anxiety instead of immediate assessments while using
tests, or concerning the application of abstract word lists as learning materials instead of more
naturalistic or curricular learning materials), further research is therefore extremely valuable.
Given these varying results and given that learners’ emotions and perceptions during
varying learning situations are seldom the main focus of studies (see e.g., Edwards &
Templeton, 2005; Goetz et al., 2007; Rauthmann, 2012), it is relevant to further focus on
learners’ experiences while learning with tests before these are recommended to be applied in
schools or universities. Such further work thereby seems especially important given that
higher stress perceptions—that include nervousness, tension, anxiety, feelings of pressure,
feelings of overwhelm, worry, intrusive and disturbing thoughts, lack of confidence, and
subjective distress (e.g., Epel et al., 2018)—are extremely unpleasant and are normally
avoided during learning. However, although required, there is not much research investigating
if (and to what extent) tests negatively affect learners’ immediate stress perceptions during
learning, their acute negative evaluations of the learning situation, and their anxiety
experiences while learning. We therefore conducted two studies to investigate negative sideeffects potentially caused by tests (Study 1: N = 405; Study 2: N = 102; Wenzel & Reinhard,
2021a; see Appendix D). We firstly conducted an online study that measured different learner
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characteristics (trait stress and trait anxiety) and used hypothetical scenarios that participants
were instructed to read and imagine. The short scenarios described learning situations
spanning a whole hypothetical semester (ending with an important examination) in which a
lecturer either ended every session with a re-reading task, a learning test with private results
(that were sent individually per mail to every student), or a learning test with more public
results (that were later sent simultaneously to all students depicting their matriculation
numbers and test results). After reading, participants reported their negative evaluations of the
imagined learning situation (including items assessing feelings of unfairness, anger,
uncertainty, annoyance, and pressure, as well as ratings of difficulty, injustice, and
strenuousness) and the acute stress they would perceive in such a learning situation. The
results yielded that both scenarios including tests were evaluated as more negative than the
scenario including re-reading and that the learning scenario including public test results was
evaluated the most negative. Notably, lower trait stress was able to buffer participants’
negative evaluations caused by the learning scenario including tests with private results but
could not buffer the negative evaluations caused by the learning scenario including tests with
public results. Hence, this scenario was continuously evaluated more negatively than the other
scenarios regardless of participants’ levels of trait stress. Concerning their state stress, we
unexpectedly found no significant effects of the learning scenario conditions, indicating that
the scenarios including tests were not perceived as more stressful than the re-reading control
scenario. However, it is possible that the scenarios were not detailed, long, or realistic enough
to elicit actual experiences of stress. This assumption indicated that further studies should use
longer and more realistic scenarios or should be directly conduced in laboratory or classrooms
settings. Thus, our second study (Wenzel & Reinhard, 2021a; see Appendix D) was
conducted in a laboratory and set up like a typical university seminar room. We again
assessed learner characteristics (traits stress, trait anxiety, and task-specific self-concept) to
investigate if the expected negative side-effects would arise for all participants. After a short
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initial study opportunity on linear regressions, participants then either worked on a short test
(they thereby also had to answer two of the test questions out loud in front of the other
participants) or simply read the answers of the already solved tasks. Directly afterwards,
participants’ acute stress perceptions, their feelings of anxiety during learning, and their
negative evaluations of the learning situation were assessed. In line with the findings of our
first study and in line with previous work (e.g., Hinze & Rapp, 2014), our results implied that
the learning situation including the test led to higher perceptions of stress and anxiety and to
more negative evaluations of the situation compared to the learning situation including the
easier reading control task. These negative side-effects were independent of participants’ trait
stress or their trait anxiety. Although the found effects were not extremely strong, these
results nonetheless indicate that learning situations including tests can result in relatively
unpleasant experiences for the learners working with them. It seems thus important to
consider that although tests are often desirable for later learning outcomes, they can also be
undesirable due to negative side-effects and unpleasant immediate experiences they cause.
Notably, these negative side-effects arose even though the applied tests were only short and
low-stakes, even though learners’ initial test performance had no consequences for their
studies or everyday lives, even though participants were only instructed to do their best while
learning without being given further incentives, and even though the learning situation only
took place in a laboratory setting. In turn, tests applied in actual schools or universities
(including the presence of peers, realistic and complex learning materials that are part of the
curriculum, and actually relevant later learning outcomes or grades) might cause even
stronger negative side-effects. Future research testing this assumption is thus valuable. Such
future research could, among others, also generally try to replicate our findings (e.g., using
different types of test question formats, varying test application modes, different control
conditions, or further types of negative side-effects) and try to explore these negative side-

TAKING A CLOSER LOOK AT THE DESIRABILITY OF DESIRABLE DIFFICULTIES

28

effects in more detail (e.g., concerning how long-lasting they are, if they remain robust even
after repeated applications, or how the effects can be reduced).
An additional concern that needs to be considered is that applications of tests might
not only lead to the just described negative side-effects immediately during learning, but
also—directly or indirectly via those negative side-effects—to further undesirable
consequences after a delay. Following, I thus want to focus on two potential instances of such
further negative consequences: increased academic cheating and impaired effectiveness of
tests resulting in reduced later learning outcomes.
Further Negative Consequences of Tests as Desirable Difficulties
Academic Cheating
In line with this consideration, previous studies yielded that learners’ perceptions of
courses or assessments as (too) difficult increased academic misconduct and that the difficulty
of the course also served as a reason to justify or rationalize cheating (e.g., Brimble &
Stevenson-Clarke, 2005; Freiburger et al., 2017; Haines et al., 1986; Steininger et al., 1964).
Higher extorted effort and higher workload were also linked to feelings of entitlement, moral
justifications, and cheating (e.g., Hoffman & Spitzer, 1985; McCabe, 1992; Whitley, 1998).
Hence, tests as desirable difficulties might directly lead to higher intentions to cheat and to
more justifications for academic cheating. Additionally, tests might also indirectly lead to
more academic cheating via the negative side-effects they cause: More specifically, increased
stress perceptions, higher feelings of anxiety, and more negative situation evaluations
(including, among others, negative affective states or feelings of unfairness) were often found
to be linked to academic cheating, to intentions to cheat, or to justifications for cheating (see
e.g., Agnew, 1992; Houser et al., 2012; Olafson et al., 2013; Wowra, 2007). Stress
perceptions, anxiety (including test anxiety, social anxiety, and general anxiety), and feelings
of pressure (including general feelings of pressure, pressure for grades, and parental pressure)
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were also shown to be related to cheating or were reported as reasons and incentives for such
dishonesty (e.g., Brimble & Stevenson-Clarke, 2005; Davis et al., 1992; Rost & Wild, 1994;
Schab, 1991; Whitley, 1998; Wowra, 2007). The more a test situation was further experienced
as pressuring and uncomfortable, the more unfair the testing tool was perceived (Leiner et al.,
2018)—and unfairness (of teachers or of teaching practices) was, in turn, also correlated with
(academic) cheating and justifications for cheating (see e.g., Brimble & Stevenson-Clarke,
2005; Finn & Frone, 2004; Freiburger et al., 2017; McCabe, 1992; Olafson et al., 2013;
Whitley, 1998). These findings indicate that the applications of tests might directly as well as
indirectly trigger more cheating in the academic context and serve as justifications for such
cheating.
Given that cheating is undesirable behaviour that should neither occur nor be
normalized in academic settings and that further negatively impacts fair grading and
performance successions in class (see e.g., Carrell et al., 2008; Fida et al., 2018; Gino et al.,
2009; McCabe et al., 2001; Paternoster et al., 2013), it is extremely important to investigate if
cheating can be triggered by applying tests in schools or universities. Because there were to
our knowledge no previous studies focusing on linkages among tests, negative side-effects,
and cheating, we conducted an online study that investigated if (and to what extent) academic
cheating might be directly or indirectly caused by tests (N = 405; Wenzel & Reinhard, 2020;
see Appendix E). Participants thereby imagined one of three scenarios that described learning
situations taking place throughout a whole semester and culminating in an examination. Two
of these learning scenarios included tests, whereas the third learning scenario described easier
re-reading. Participants then reported their negative evaluations of the respective scenario
(including items assessing feelings of unfairness, anger, uncertainty, annoyance, and pressure,
as well as ratings of difficulty, injustice, and strenuousness) and the acute stress they would
perceive in such a situation. Subsequently, participants read another short scenario describing
the examination at the end of the hypothetical semester and answered different items
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concerning likelihoods of cheating as well as their justifications for such cheating behaviour:
Participants were thereby instructed to rate how likely it would be that they would
(spontaneously or with preparation) cheat in this hypothetical examination, how likely it
would be that their peers would (spontaneously or with preparation) cheat during the
examination, and how justified the respective cheating would be. Mediation analyses found
neither direct effects of the learning scenarios on participants’ immediate stress perceptions,
nor on their likelihoods for cheating, nor on their justifications for such hypothetical cheating.
However, there were significant indirect effects: Tests indirectly led to higher likelihoods that
participants would cheat in an examination situation as well as to higher justifications
therefore by increasing their negative evaluations of the learning situation. More specifically,
the conducted mediation analyses showed that the learning scenarios predicted participants’
negative evaluations of the learning situation, insofar as that the scenarios including tests were
evaluated as more negative than the scenario including re-reading. In turn, these increased
negative evaluations were then linked to higher likelihoods of participants’ own cheating and
to their general justifications for cheating. Hence, in line with the presented empirical and
theoretical assumptions, these findings indicate that tests as normally beneficial learning
strategies not only cause negative side-effects indicated by negative situation evaluations but
can thereby also indirectly trigger further negative consequences like higher likelihoods of
academic cheating and higher justifications for such cheating. Although these indirect effects
can only be classified as small to medium, they are still extremely intriguing because they
arose even though we solely used short hypothetical learning scenarios. Genuine leaning
situations including real learning materials and actual incentives to do well in later
examinations should thus result in even stronger effects. This is why I argue that it is
important to highlight these novel results that uniquely bridge the until now unconnected
literature concerning tests, their negative side-effect, and academic cheating. Given the lack of
further empirical data, future research trying to replicate or broadening our findings is
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definitely needed. This applies especially to studies investigating these research issues in
applied learning settings using realistic materials and assessing observable instead of
hypothetical cheating behaviour. Future work should also test causal effects in addition to
these correlative findings as well as potential influences of learner characteristics (e.g.,
attitudes towards dishonesty). Focusing on ways to reduce these indirect effects of tests on
cheating (e.g., by reducing learners’ possibilities to cheat in later examinations or—more
ideally—by stopping the emergence of negative side-effects earlier on) is also valuable.
These negative consequences indirectly caused by tests are extremely undesirable,
especially given that cheating can, among others, further lead to unfair advantages for the
cheating students, to wrong grading, to seemingly better learning outcomes, and to reduced
validities of the examinations scores. These findings also appear to be particularly paradox
considering that the application of a normally desirable learning strategy is linked to the later
occurrence of (socially) undesirable behaviour. However, increased cheating might not be the
only further negative consequence caused by tests: The by tests caused negative side-effects—
especially the increased stress and anxiety perceptions—might also disrupt academic
achievement, might impair long-term learning outcomes, and might even reduce the
effectiveness of tests.
Impaired Effectiveness of Tests and Reduced Later Learning Outcomes
Accordingly, previous work yielded that (dispositional and situational) stress and
anxiety were often related to lower motivation to learn, to more errors, to a lack of
concentration, to disruptions in attention, to higher cognitive load, and to reduced effort and
persistence while learning (e.g., Chen & Chang, 2009; Kurebayashi et al., 2012; LePine et al.,
2004). Stress and anxiety were also linked to cognitive deficits and were repeatedly shown to
be negatively correlated with cognitive information processing, effectiveness of retrieval
practice, learning, and (test) performance—especially as the tasks and materials become more
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complex, more cognitive demanding, and more difficult (e.g., Ashcraft & Krause, 2007;
Cassady, 2004a, 2004b; Chen & Chang, 2009; Hembree, 1988; Khan et al., 2013; I. G.
Sarason, 1984; Seipp, 1991; Sotardi et al., 2020; Struthers et al., 2000). Although contrary
results indicating positive correlations among stress, anxiety, and learning outcomes also exist
(see e.g., Keeley et al., 2008; LePine et al., 2004; Sung et al., 2016), stress and anxiety are
mostly assumed to have detrimental effects on learning outcomes (see, among others, the
cognitive inference model, distraction theories, the processing efficiency theory, and the
retrieval disruption hypothesis: e.g., Ashcraft & Krause, 2007; Eysenck & Calvo, 1992;
Eysenck et al., 2007; I. G. Sarason, 1984; Tobias, 1984; Wine, 1971). Notably, stress and
anxiety were even shown to negatively impact and reduce the long-term learning effects of
tests: For instance, Mok and Chan (2016) found that tests were only more beneficial than rereading and summarizing tasks for learners with lower test anxious dispositions but not for
learners with higher test anxious dispositions (for contrary findings see: Clark et al., 2018).
Focussing on learners’ situational perceptions, similar results were previously obtained by
Hinze and Rapp (2014): Compared to re-reading tasks and low-stakes tests, high-stakes tests
(operationalized through instructions stating that monetary rewards of learners and their
fictive partners were dependent of higher later learning outcomes) increased learners’
immediate anxiety perceptions and their acute feelings of pressure, which in turn disrupted the
long-term learning benefits of these tests. Such high-stakes tests resulted in lower later
learning outcomes than the low-stakes tests and only learners using low-stakes tests
outperformed the re-reading condition in the long-run (Hinze & Rapp, 2014). These results
indicate that acute perceptions of anxiety, pressure, or stress caused by tests might in turn
mediate the beneficial effects of these tests, insofar as that higher scores might diminish (or
even completely erase) the beneficial effects of tests on long-term learning. Because this
would—in addition to creating unpleasant and undesirable learning experiences—completely
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contradict the intention of applying tests, I considered it necessary to further focus on these
assumptions.
It thereby appears to be further important to also focus on learners’ cognitive abilities
while investigating these research issues because higher intelligence might not only be an
important prerequisite for the effectiveness of tests but might also buffer both the negative
side-effects caused by tests as well as the thereby further triggered negative consequences.
These considerations are, for instance, based on previous research indicating that negative
side-effects caused by tests (like higher immediate stress and anxiety perceptions) are less
distinct for more intelligent learners compared to less intelligent learners: More specifically,
previous work showed that higher cognitive or intellectual abilities were often linked to lower
subjective difficulty ratings of varying tasks, to lower acute stress perceptions, to lower math
anxiety, and generally to lower state anxiety (e.g., Abín et al., 2020; Efklides et al., 1997;
Goetz et al., 2007; LePine et al., 2004). Learners that were extremely high-achieving in
mathematics also reported less math anxiety (García et al., 2016) and learners with higher
abstract reasoning abilities reported more enjoyment compared to anger or anxiety during a
mathematics achievement test (Goetz et al., 2007). Fittingly, learners that performed better
during a learning test—hence, learners that were able to successfully retrieve more
information—also enjoyed the test more (Clark & Svinicki, 2015). Moreover, previous
research additionally implied that even if these negative side-effects would nonetheless arise,
the thereby often triggered negative consequences (like reduced learning outcomes or
disrupted effectiveness of tests) are also less distinct for more intelligent learners compared to
less intelligent learners: It was, more specifically, argued that higher domain-specific abilities
or extra processing resources can compensate the detrimental learning effects caused by stress
and anxiety (e.g., Eysenck & Calvo, 1992; Eysenck et al., 2007; Naveh-Benjamin, 1991;
Tobias, 1984; for contrary results see: e.g., Sung et al., 2016). Tse and Pu (2012) similarly
showed that less successful retrieval practice caused by higher test anxiety could be
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compensated by higher working memory capacities—thus, anxiety only had detrimental
effects for learners with lower working memory capacities (see also: Ashcraft & Krause,
2007; Johnson & Gronlund, 2009; Owens et al., 2014; however, contrary results also exist:
see e.g., Beilock, 2008; Yang et al., 2020). Reeve et al. (2014) also found that cognitive
abilities buffered negative consequences of distraction: Thus, distraction negatively impacted
performance of lower ability learners but did not decrease performance of higher ability
learners. Fluid intelligence was also shown to moderate the negative effect of state anxiety on
working memory functioning: State anxiety negatively affected working memory functioning
for learners with intelligence below median, but this negative impact of state anxiety was
shown to diminish with higher intelligence (Chuderski, 2014).
Jointly, these previous findings highlight the importance of combining the different
research issues presented in this dissertation: It thus seems valuable to simultaneously focus
on linkages among intelligence as a prerequisite of tests, on stress perceptions as a negative
side-effect caused by tests, and on a reduced effectiveness of the applied tests as a negative
consequence further caused by these side-effects. Because there is almost no research that
simultaneously focuses on these issues—while also using realistic and curricular learning
materials and when focusing on delayed instead of immediate learning outcomes—further
work is still needed. Hence, we conducted a laboratory study to test these assumptions
(unfortunately, our data collection had to be terminated prematurely due to the outbreak of the
COVID-19 pandemic, which resulted in a reduced sample size: N = 89; Wenzel & Reinhard,
2021b; see Appendix F): We hypothesized tests to increase learners’ long-term learning
outcomes but also their acute stress perceptions, which should in turn reduce the effectiveness
of tests on later learning outcomes. These three effects should additionally be moderated by
intelligence: 1) tests should be more beneficial for more intelligent learners compared to less
intelligent learners, 2) more intelligent learners should perceive less stress during the learning
situation including a test compared to less intelligent learners, and 3) long-term learning
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outcomes of more intelligent learners should be less impaired by stress than the long-term
learning outcomes of less intelligent learners. Participants therefor underwent a short
intelligence screening (measuring a general cognitive ability indicated by speeded reasoning
as a conglomerate of reasoning, abstract thinking, and processing speed; mini-q: Baudson &
Preckel, 2015) and then read a university textbook chapter on the brains’ lateralization as an
initial study opportunity (positively, this realistic learning material was part of the curriculum
of a majority of the sample). They then either re-read the textbook chapter as an easier control
task or took a short low-stakes test (including both short answer and multiple-choice
questions) with later feedback. Directly thereafter participants’ acute stress perceptions during
the respective learning task were measured. Their long-term learning was later assessed after
a delay of 1-week. In accordance with previous work (e.g., Adesope et al., 2017; Yang et al.,
2021), our results again showed that taking tests increased participants’ later long-term
learning compared to re-reading. However, tests also again increased participants’ immediate
stress perceptions, thus leading to a more unpleasant learning situation (see e.g., Hinze &
Rapp; Wenzel & Reinhard, 2021a). These increased stress perceptions were then, in turn,
linked to reduced long-term learning outcomes. A mediation analysis thereby yielded that the
by tests caused stress perceptions suppressed the beneficial effects of tests, insofar as that the
beneficial effects were lower the more stress was perceived. Although these stress perceptions
were not extremely strong and although tests were still beneficial in the long run, they could
have been even more beneficial if they would have caused no or only average stress
perceptions. These findings and these resulting considerations are especially irritating given
that we had already intended—apparently without success—to conduct the applied test and
the whole learning situation as low-stakes and stress-less as possible: Among others,
participants knew that they would not have to give their answers out loud, that they would
learn on their own without interacting with the other participants, and that their performances
would have no consequences for their daily lives and would remain completely anonymous.

TAKING A CLOSER LOOK AT THE DESIRABILITY OF DESIRABLE DIFFICULTIES

36

In turn, differently implemented tests or tests used in applied setting (including difficult
materials, higher stakes, or consequences due to learners’ later outcomes) might lead to higher
stress perceptions and thus also to higher negative consequences concerning the effectiveness
of the used test. Moreover, our study (Wenzel & Reinhard, 2021b; see Appendix F) further
showed that participants’ intelligence was positively correlated to their initial test
performance and their later long-term learning. Intelligence was also negatively correlated to
participants’ stress perceptions but did not moderate any of the other three effects (hence,
neither beneficial effects of tests on long-term learning, nor the negative side-effects of tests
on stress perceptions, nor the detrimental effects of stress on long-term learning). Thus,
although higher intelligence was generally advantageous, participants benefitted equally from
tests and also suffered equally under the negative side-effects of tests and under the negative
consequences of the increased stress perceptions. However, these findings must be interpreted
with caution given that our small sample size should have been sufficient for testing the main
and mediation effects but was probably too small for reliably testing the assumed interaction
effects (see Blake & Gangestad, 2020). Hence, replications focusing on these supposed
moderating effects of intelligence are urgently needed. Apart from that, our work generally
emphasized the importance of trying to design tests so that they increase long-term learning
outcomes without also resulting in higher stress perceptions (and thereby, in turn, without
indirectly leading to a suppressed effectiveness of the respective tests). Hence, although this
paper is not without limitations and can only be seen as a starting point or a first step, it
nonetheless identifies valuable research issues. It also highlights the importance of a more
thorough and encompassing look at the desirability of desirable difficulties and indicates—
together with my other papers—that varying dimensions of desirability should simultaneously
be considered when evaluating tests (or other desirable difficulties).
Discussion
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In accordance with this consideration and with the title of my dissertation, the present
work was conducted to take a closer look at the desirability of desirable difficulties in addition
to their long-term learning effects. I therefore focused mostly on the application of tests as
one of the most robust, helpful, and easily applicable type of desirable difficulties. In addition
to the beneficial effects of tests, I also took intelligence as a cognitive prerequisite for their
effectiveness, by tests triggered negative side-effects, and negative consequences caused
indirectly by tests into account. I argue that these different factors—and their respective
linkages—should be considered together when contemplating the general desirability of tests,
when contemplating further research, and when contemplating recommendation for the
application of tests in applied learning settings. In the following, I thus want to conclude by
discussing these factors.
Desirability and Beneficial Long-Term Learning Effects of Tests
When focusing on the desirability of desirable difficulties, researchers at first typically
contemplate potential beneficial effects of such difficult learning strategies for learners’ later
learning outcomes. This is necessary insofar as that only learning strategies that actually
increase durable long-term learning outcomes can be recommended and should be applied.
Learning strategies that are not beneficial in the long run—thus, those that are not desirable
for durable learning outcomes—would not even merit further considerations. Hence, as a first
step, it is valuable to investigate the long-term learning benefits of desirable difficulties. My
conducted and here presented studies thereby mirrored the respective previous literature: For
instance, the two papers investigating long-term effects of generation tasks indicated that
these were either only beneficial for some learners (Reinhard et al., 2019; see Appendix B) or
not beneficial at all (probably because our tasks were not difficult enough to require higher
effort and to, in turn, elicit the beneficial cognitive processes; Wenzel & Reinhard, 2019,
Study 1; see Appendix C). Although it was often shown that generation increases long-term
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learning outcomes (for meta-analyses see: Bertsch et al., 2007; McCurdy et al., 2020),
previous work also yielded that generation tasks did not continuously result in beneficial
effects (see e.g., de Winstanley & Bjork, 2004; de Winstanley et al., 1996; Karpicke &
Zaromb, 2010; Metcalfe & Kornell, 2007). Thus, it might be possible that generation tasks
(which include a broad array of different activities and varying ways to stimulate selfgeneration) are not as robust or as easy to design and implement as assumed—especially
compared to tests. Accordingly, some researchers previously argued that tests are more
effective and more robust than generation tasks (e.g., Karpicke, 2017; Karpicke & Zaromb,
2010), some review articles explicitly recommended the application of tests compared to other
learning strategies (e.g., Dunlosky et al., 2013; Pashler et al., 2007), and multiple metaanalyses highlight the strong, robust, and greatly generalizable benefits of tests (even
compared to varying control conditions; e.g., Adesope et al., 2017; Agarwal et al., 2021; Pan
& Rickard, 2018; Rowland, 2014; Schwieren et al., 2017; Sotola & Crede, 2021; Yang et al.,
2021). These findings indicate that if lecturers—which often have only limited time and
resources to implement further activities in their courses—had to choose among generations
tasks, tests, other learning strategies, and further classroom activities, they should choose to
use tests. In line with this consideration, my two conducted and here presented studies also
showed that the application of short tests increased learners’ learning outcomes compared to
easier re-reading tasks—even for naturalistic, complex, and curricular learning materials that
are actually applied in university courses (Wenzel & Reinhard, 2019, 2021b; see Appendix C
and F). Because their application is also rather easy and not time-consuming (concerning both
their preparation and their later implementation), tests can be strongly recommended for
school or university settings: I would thus advise lecturers to use, for instance, the last 10
minutes of one or all of their course sessions to apply test questions concerning the contents
of the respective lecture (ideally with feedback or corrections of errors; see e.g., Agarwal et
al., 2021; S. Greving & Richter, 2018; Iwamoto et al., 2017; McDaniel et al., 2011; Pashler et
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al., 2007; Yang et al., 2021). Positively, lecturers can thereby apply tests for a wide range of
learning materials and contents, can implement varying test question formats, and can use one
of multiple beneficial test application modes (see e.g., Adesope et al., 2017; Agarwal et al.,
2021; Dunlosky et al., 2013; Pan & Rickard, 2018; Rowland, 2014; Yang et al., 2021).
Desirability and Intelligence as a Cognitive Prerequisite of Tests
Regarding potential cognitive prerequisites or boundary conditions for these desirable
long-term learning effects of tests—which determine for whom tests should be (especially)
applied and for whom not—recommendations are not as clear and cannot be given as
confidently. In accordance, it was recently again stated that research investigating potential
moderating effects of intelligence (and of cognitive abilities in general) are still scarce and
that further work is still required (see e.g., Agarwal et al., 2021; Rummer, 2021). This request
for further work is especially valuable given that the few existing studies resulted in varying
findings (e.g., higher benefits of tests for more intelligent learners, at least concerning difficult
items: Minear et al., 2018; higher benefits of tests for less intelligent learners: Brewer &
Unsworth, 2012; no interaction between intelligence and the applied learning strategy:
Karpicke et al., 2016; Robey, 2017). One of my here presented studies showed that learners’
intelligence moderated the long-term learning effects of tests, insofar as that less intelligent
learners did not benefit form tests, but averagely intelligent and especially higher intelligent
learners did (Study 2, Wenzel & Reinhard, 2019; see Appendix C). Another one of my studies
could not replicate these results and found no moderating effects of learners’ intelligence
(Wenzel & Reinhard, 2021b; see Appendix F). However, the first study can be considered
more valid than this second study due to its higher sample size (N = 176 vs. N = 89) and
higher power, so that my own findings would indicate a moderating effect of intelligence on
the beneficial effects of tests. In contrast, Jonsson and colleagues (2021) later presented a
study showing that cognitive abilities and intelligence did not act as boundary conditions for
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the long-term learning effects of tests and that tests were beneficial for all learners
independent of their intelligence. Notably, this would actually be the more desirable outcome,
because then everyone would profit equally from tests, tests could be recommended without
restrictions, and their benefits would be even more generalizable. However, as both evidence
indicating that tests are beneficial for all learners independent of their intelligence as well as
evidence indicating that tests are only beneficial for learners with average/higher intelligence
exists, supporting one of these assumptions seems a bit premature. Additionally, validly
interpreting and comparing these results is also hindered due to methodological differences
between the existing work: Among others, the applied learning materials greatly differ
concerning their level of difficulty and complexity (e.g., words/word pairs/associations:
Brewer & Unsworth, 2012; Karpicke et al., 2016; Robey, 2017; Swahili and English/Swedish
vocabulary: Minear et al., 2018; Jonsson et al., 2021; university textbook chapters: Wenzel &
Reinhard, 2019, 2021b), concerning the measured intelligence estimate (e.g., speeded
reasoning/processing speed: Karpicke et al., 2016; Wenzel & Reinhard, 2021b; fluid
intelligence using matrices: Brewer & Unsworth, 2012; Minear et al., 2018; Robey, 2017;
general cognitive ability/reasoning using verbal, numerical, and figural tasks: Wenzel &
Reinhard, 2019; an accumulation of varying cognitive ability measures: Jonsson et al., 2021),
and concerning the implemented delay (e.g., short delay/30-minutes: Karpicke et al., 2016;
Robey, 2017; 1-day: Brewer & Unsworth, 2012; 2-days: Minear et al., 2018; 1-week: Jonsson
et al., 2021; Wenzel & Reinhard, 2019, 2021b; 4-weeks: Jonsson et al., 2021). Thus, further
work and replications are essential next steps for resolving these ambiguous findings. Only
then can empirically well-grounded and valid recommendations for whom tests should be
applied (or not) be given. Further studies could thereby focus more strongly on different
theories, dimensions, or conceptualisations of intelligence and their potentially beneficial
effects for the successful application of tests. Moreover, such future work should ideally be
conducted in applied settings and should include complex and difficult learning materials as
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well as longer test delays—such studies should be the most informative (see also: Agarwal et
al., 2021; Rummer, 2021; Rummer & Schweppe, 2021). Until such further research exists, I
argue that lecturers should still apply tests in their school or university courses. Even if at
least average intelligence would be required to reap the benefits of tests, this should apply to
most learners and the remaining learners would at least not suffer under the application of
tests but would achieve similar learning outcomes as if they had used other learning strategies.
Nonetheless, lecturers should keep in mind that some of their students might not benefit from
the applied tests. Hence, if they would want to make sure that all their students would actually
profit from tests, they could try to design the tests and the ensuing learning situations in such
a way that learners with lower intelligence would also be able to reap their benefits. Previous
literature suggested in this regard that, for instance, learners with lower abilities could benefit
from having more time during the initial study opportunity (to be able to form better mental
representations, to build an adequate knowledge base, and to ensure a higher understanding of
the materials), from having more time to solve the difficult tasks (to increase the probability
of being successful), or from working on desirable difficulties only later in the learning
process (when they have already mastered some of the basic information and formed
sufficient previous knowledge; see e.g., Kalyuga et al., 2003; Renkl et al., 2002; Rummer,
2021; Rummer & Schweppe, 2021; Schmidt-Weigand et al., 2009; Snow, 1989). Learners
with lower intelligence could also profit from graded learning aids that support their learning
process or from integrating worked examples and problem solving with fading and strategic
prompts (see e.g., Hänze et al., 2010; Schmidt-Weigand et al., 2009). Lecturers could
additionally use adaptive tests to ensure that the difficulty of the test is adequate for all
learners independent of their cognitive abilities. That way, each learner would work on a test
that is difficult enough to require increased effort but also not too difficult, thus ensuring that
they can successfully work on the test without being cognitively overwhelmed (see also
Endres & Renkl, 2015; Karpicke, 2017; Minear et al., 2018). Previous work accordingly
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yielded that it is advantageous to use test questions with adaptive complexity and adaptive
difficulty levels (see e.g., S. Greving et al., 2020; Heitmann et al., 2018). Adapting tests based
on learners’ cognitive load and cognitive demand ratings was also shown to increase the
effectiveness of tests—even in a realistic university setting (Heitmann, Grund, et al., 2021;
Heitmann, Obergassel, et al., 2021). Another similar approach would be to implement tests in
an open-book instead of the until now described closed-book format: In contrast to closedbook tests where learners have to retrieval all answers to the test questions on their own,
learners using open-book tests are allowed to consult the learning materials while answering
the test questions. Both closed-book tests as well as open-book tests were continuously shown
to lead to higher long-term learning outcomes compared to easier control tasks (e.g., Agarwal
et al., 2008; Agarwal & Roediger, 2011; Arnold et al., 2021; Ebersbach, 2020; Rummer et al.,
2019; Wenzel et al., 2021), but open-book tests might be especially beneficial for learners
with lower intelligence. For instance, allowing learners to use the materials gives them the
opportunity to build a more elaborate mental model, a more coherent mental representation,
and a better situation model of the initial learning materials and generally increases their
(initial) understanding of the to-be-learned information (see e.g., Roelle & Nückles, 2019;
Rummer, 2021; Rummer & Schweppe, 2021; Waldeyer et al., 2020). This is generally
beneficial but should be especially important and supporting for relatively less intelligent
learners. Moreover, the application of open-book tests (including instructions to only use the
materials when learners would not be able to retrieve the answer even after greatly increasing
their effort and trying their best), could also lead to the needed balance between retrieval
effort and retrieval success (see e.g., Roelle & Nückles, 2019; Rummer, 2021; Rummer &
Schweppe, 2021; Waldeyer et al., 2020). Accordingly, switching flexibly between open-book
and closed-book tests (see Waldeyer et al., 2020) might also be valuable to ensure that even
learners with lower intelligence benefit from the application of tests.

TAKING A CLOSER LOOK AT THE DESIRABILITY OF DESIRABLE DIFFICULTIES

43

Desirability and Negative Side-Effects of Tests
After thus contemplating the desirability of tests based on their long-term learning
effects and on their generalizability for learners with varying levels of intelligence,
researchers and lecturers should then focus on potentially unpleasant experiences, evaluations,
or perceptions caused by tests. Thus, potential negative side-effects caused by tests are
another dimension of desirability that should be considered. In line with previous work (e.g.,
Hinze & Rapp, 2014), my two studies included in this dissertation showed that low-stakes
tests led to more negative evaluations of the situation and to higher stress and anxiety
perceptions during learning (Wenzel & Reinhard, 2021a, 2021b; see Appendix D and F).
Notably, these negative side-effects were not extremely strong but indicated that learners
using tests had more undesirable experiences while learning compared to learners re-reading
the same materials—even when the conducted tests was conducted as an extremely lowstakes and objectively stress-less situation. This is an important finding that should be clearly
communicated, and that lecturers, learners, and researchers must try to deal with. However,
because fitting research is still scarce (and needed; see e.g., Rummer, 2021), future research
focusing thereon seems valuable. For instance, such work should ideally be conducted in
actual school or university settings and should explicitly compare the negative side-effects
caused by tests to potential negative side-effects caused by other learning activities or
strategies other than the typically applied re-reading task. Because re-reading is as a very easy
and fluent learning strategy that should be particularly low-stakes or stress-free, it might not
be surprising that tests lead to comparably more negative side-effects. It has, however, until
now not been investigated if tests would also result in more negative evaluations or higher
stress and anxiety perceptions compared to other activities or strategies that learners are
typically confronted with during their school or university classes (e.g., taking notes,
participating in in-class-discussions, or giving presentations). Because this would influence
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further considerations or potential recommendations, such further investigations are needed.
Additionally, future work could also focus more closely on our previously presented
assumption that the negative-side effects of tests might be less distinct for leaners with higher
intelligence (Wenzel & Reinhard, 2021b; see Appendix F). Although we found no interaction
between intelligence and the applied learning strategy (probably due to the small power), we
could show that higher intelligence was generally linked to lower stress perceptions (see also:
Goetz et al., 2007; LePine et al., 2004). Hence, it might be valuable to further investigate if
higher intelligence could buffer the negative side-effects of tests (or not), because such more
data could also shape considerations of these negative side-effects and the resulting
recommendations. Until such further research exists, researchers and lecturers should assume
that tests result generally and for alle learners in negative and undesirable side-effects and
should thus try to reduce these. Therefore, lecturers could give more thorough descriptions
and explanations of the beneficial effects of tests, which might decrease negative evaluations
of this difficult learning strategy as well as learners’ misconceptions that learning must feel
easy to be effective or that effort is a sign of low ability (see e.g., Biwer et al., 2020; Bjork &
Bjork, 2019; Rivers, 2021). Lecturers could also generally reward learners for increased effort
or could try to reframe their appraisals or attributions of effort and failure (e.g., Abraham et
al., 2019; Zepeda et al., 2020). However, introducing the benefits of desirable difficulties
might be more challenging than one would suppose and only knowing about the effectiveness
of tests might not be enough to ward learners form their negative side-effects or to increase
their motivation (see e.g., Besken & Mulligan, 2014; Biwer et al., 2020; Bjork & Bjork, 2019;
Rummer, 2021; Zepeda et al., 2020). Thus, lecturers and researchers should try to design tests
(and the ensuing learning situations) in such ways that they are beneficial but do not lead to
negative side-effects (or at least to fewer side-effects). For instance, lecturers could apply the
afore-mentioned open-book tests instead of the traditionally applied closed-book test because
learners were previously shown to prefer open-book to closed-book tests and reported lower
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levels of anxiety after taking open-book instead of closed-book tests (Gharib et al., 2012).
Additionally, previous work found that learners working with online tests performed at least
equivalent in a later examination compared to learners working with paper-pencil tests but
perceived online tests as less threatening (e.g., Cassady & Gridley, 2005; Dobson, 2008; see
also: DeVaney, 2010; Szpunar et al., 2013; Yang et al., 2021). Given the recently risen
importance of online courses and distance learning due to the increased amount of homeschooling during the COVID-19 pandemic, such considerations seem especially valuable and
promising and should in any case be explored in more detail. Recent work from A. I. Wang
and Tahir (2020) further implied that implementing tests with Kahoot! (a game-based learning
platform mirroring an anonymous game show) might also be extremely desirable: More
specifically, the authors described that tests applied with Kahoot! were beneficial for longterm learning outcomes but additionally increased learners’ motivation, their enjoyment, their
positive perceptions, and their satisfaction compared to paper-based tests and even reduced
their anxiety and stress experiences (A. I. Wang & Tahir, 2020; see also: Iwamoto et al.,
2017; Yabuno et al., 2019; for further potentially viable application modes see: Yang et al.,
2021). A fully game-based test (embedded in a computer game treasure hunt) was also shown
to lead to a better performance in a later examination as well as to lower anxiety experiences
during the learning situation compared to a normal online test (Mavridis & Tsiatsos, 2017).
Hence, using open-book tests, applying online tests, or implementing tests with varying
creative or game-based application modes could be simultaneously desirable regarding
learners’ later leaning outcomes and regarding their perceptions and experiences while
learning.
Desirability and Further Negative Consequences of Tests

Following these considerations on negative side-effects caused by tests, researchers
and lecturers should then further contemplate later negative consequences caused indirectly
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by tests via these side-effects. The in my dissertation presented findings can thereby be
classified as especially undesirable, insofar as that they show that tests can trigger negative or
stress-inducing experiences during learning that learners must suffer under and that are in turn
even linked to increased (hypothetical) cheating (Wenzel & Reinhard, 2020; see Appendix E)
and to a reduced effectiveness of the respective test (Wenzel & Reinhard, 2021b; see
Appendix F). Given that cheating is an extremely unwanted behaviour that lecturers normally
try to reduce or avoid and given that a less effective test would render the difficult and
unpleasant learning situation less worthwhile and would run counter to the intention of using
tests in the first place, such negative consequences should be considered when contemplating
to use tests. However, because there is almost no other research simultaneously focusing on
these important research issues, future work and replications are essential before valid and
reliable implications and recommendations can be drawn from these results. This applies, for
instance, to further research investigating if the here presented effects on academic cheating
can even be replicated in realistic and applied settings (which include, among others, actual
gains of cheating successfully but also actual costs of getting caught). Further work should
also focus on ways to increase the by stress perceptions suppressed benefits of tests to realise
their full potential (positively, our findings showed that tests were still more beneficial
compared to re-reading even though their effectiveness was suppressed and though they were
not as beneficial as they could have been—thereby again highlighting the strong and robust
effects of tests). Thus, it seems to be important to communicate our findings concerning
negative consequences indirectly caused by tests, so that lecturers and researchers are made
aware of them and can thus try to cope with them or to directly prevent their occurrence.
Fortunately, the previously described ways to reduce negative side-effects of tests should, in
turn, also prevent (or at least reduce) the occurrence of negative consequences. Hence,
applying tests that do not result in negative side-effects would not only optimize learners’
experiences during learning but would thereby also avert these negative consequences.
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The Desirability of Tests
Taking all these factors and the ensuing different dimensions of desirability of tests
together—and given the current empirical data—I would advise lectures to nonetheless use
tests in their respective courses. Firstly, tests are generally effective and can be classified as
desirable concerning their later long-term learning benefits. Secondly, even though lecturers
should keep in mind that average intelligence might act as a boundary condition for the
successful application of tests and that in turn some of their students might not benefit from
them, most learners should still be able to reap the benefits of tests. In addition, there seem to
be multiple ways for lecturers to implement tests so that even learners with lower levels of
intelligence can benefit from their application. Thirdly, even though tests can lead to acute
negative side-effects during learning (like higher negative evaluations of the situation, more
stress perceptions, and stronger anxiety experiences), these effects were fortunately not
extremely strong and further work is still needed to ascertain if tests are even more unpleasant
than typical classroom activities or learning strategies apart from re-reading. Positively, there
appear to be varying ways to design tests to ensure that these lead to higher long-term
learning outcomes without also resulting in negative side-effects. These procedures could be
implemented and further investigated. Fourthly, even though tests can also indirectly lead to
further negative consequences that can only be classified as extremely undesirable and that
should be avoided, reducing the negative side-effects of tests by designing them adequately
might also simultaneously prevent the occurrence of these negative consequences. Jointly,
these considerations indicate that tests can still be classified as desirable and that lecturers can
still be advised to apply them in their school or university courses. However, lecturers should
thereby try to implement the ideas presented above on how to use and design tests so that all
learners can reap their benefits equally without suffering under negative side-effects in the
meantime and without also further triggering later occurring negative consequences.
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Conclusion
All in all, this dissertation was conducted to take a more thorough look at the
desirability of desirable difficulties—primarily concerning tests—and to focus on even more
dimensions of desirability in addition to their effectiveness for later learning outcomes. I
thereby ague that researchers and lecturers should not only consider beneficial long-term
learning effects of tests when contemplating their application but should also consider
cognitive prerequisites that might be required for learners to reap these benefits, negative
side-effects caused by tests that arise immediately during learning, further negative
consequences indirectly caused by tests, and finally also potential linkages among these
factors. Thus, my dissertation was intended to increase the awareness of researchers and
lecturers that it is valuable to simultaneously contemplate these factors, which might all
determine the desirability of tests. I thereby also wanted to highlight my here presented
research issues as well as the resulting findings and implications of my published papers as
first steps for future research. Although my presented studies are not without limitations,
although not all raised issues and questions could yet be tested conclusively, and although
further replications are required for well-grounded recommendations and for supporting or
refuting my described assumptions, it is nonetheless important to communicate the here
presented issues. This way, learners, lectures, and researcher can gain a broader and more
thorough understanding of tests (and desirable difficulties) and can hopefully receive helpful
recommendation for their applications as well as stimulating ideas for the required further
research.
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AM I RESPONSIBLE FOR MY LEARNING SUCCESS? A
STUDY ABOUT THE CORRELATION BETWEEN LOCUS
OF CONTROL AND ATTITUDES TOWARDS AND SELFREPORTED USE OF DESIRABLE DIFFICULTIES
Nina Reinhardt  Kristin Wenzel Marc-André Reinhard
University of Kassel, Germany
Abstract
Desirable difficulties are learning strategies that lead to more effective and durable
learning even if the application produces difficulty at the moment of learning (Bjork,
1994). With this study we investigated the question which learner characteristics are
linked to perception and application of those effortful strategies in self-regulated
learning situations. In doing so we focused on locus of control, a construct that describes
the extent to which individuals feel to have control over the outcome which arises from
their own behavior (Rotter, 1975). Supporting our assumptions, internals-thus students
with a stronger feeling of controllability - showed more positive attitudes towards
desirable difficulties, whereas externals-thus students who suppose that external forces
like chance/fate or powerful others have control over their behavior - showed no
correlation. Furthermore, internals showed increased self-reported use of desirable
difficulties. Contrary to prediction, external locus of control also was correlated to selfreported use of desirable difficulties. Results are discussed related to implications for
the application of desirable difficulties in a real academic context regarding students
with different learning characteristics, as well as to implications for further research.
Keywords: desirable difficulties; locus of control; learning; learner characteristics

Correspondence concerning this paper should be addressed to:
Department of Psychology, University of Kassel. Address: Holländische Straße 36-38, 34127
Kassel, Germany. E-mail: nina.reinhardt@uni-kassel.de


7

N. Reinhardt, K. Wenzel, and M. A. Reinhard / JPER, 2019, 27(1), May, 7-24
__________________________________________________________________

Introduction
Concerning the application of effective learning strategies, individual
differences or learner characteristics seem to be very important. While some
students use relatively ineffective strategies other students use strategies which
are mentally more challenging, but thereby promise a greater success of learning
(e.g., Bjork, Dunlosky, & Kornell, 2012; Karpicke, Butler, & Roediger, 2009).
Such learning strategies are for instance so called desirable difficulties. The
application of desirable difficulties leads to a more complex learning situation,
but thereby especially benefits long-term effects regarding memory and transfer
of the learned knowledge (Bjork, 1994). However, even if desirable difficulties
promise greater learning success, most students do not use them in self-regulated
learning situations. Instead, the majority prefers more simple strategies like for
example repeated reading (Karpicke et al., 2009).
The present study wants to identify factors that are responsible for
individual differences concerning the perception and application of desirable
difficulties. Thereby, the main focus is on the locus of control construct, which
is defined as the extent to which an individual perceives to have control over the
outcome that arises from their own behavior (Rotter, 1975; Rotter, Chance, &
Phares, 1972). Given that the application of desirable difficulties leads to more
challenging learning situations - because they elicit more time and cognitive
effort - locus of control can be expected as a learner characteristic that promotes
the feeling of being able to cope those complex situations because the individual
feels confident that his or her learning effort will result in greater learning success
(e.g., Prociuk & Breen, 1997).
Desirable difficulties
Desirable difficulties are learning strategies that lead to more effective
and durable learning through producing difficulty at the moment of application
(Bjork, 1994). Recent research indicated that different forms of desirable
difficulties exist, often termed as spacing, interleaving, generation and testing.
Spacing or distributed learning means to separate specific learning sessions in
different units in contrast to learning one topic from beginning to end (e.g., Vlach
& Sandhofer, 2012). In some way interleaving contains this strategy but
additionally includes that in between the temporary distributed learning units
different topics get mixed (e.g., Ziegler & Stern, 2014). For visualizing the
8
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difference, one can imagine that spacing or distributed learning means first
learning unit AA, then BB and at least CC, whereas interleaving means learning
first A, B, C and then again A, B, C. In particular, both strategies promote longterm memory (e.g., Vlach & Sandhofer, 2012; Ziegler & Stern, 2014).
Generation further describes active generation of learning materials and
predictions instead of merely (re-)reading and repeating the material which also
strengthens long-term memory (e.g., Bertsch, Pesta, Wiscott, & McDaniel, 2007;
DeWinstanley & Bjork, 2004; Slamecka & Graf, 1978). Testing requires active
memory recall and retrieval rather than simply rehearsing the relevant knowledge
(e.g., Karpicke et al., 2009; for recent meta-analyses see: Adesope, Trevisan, &
Sundararajan, 2017; Rowland, 2014).
While positive effects of desirable difficulties on learning success are
relatively well understood and seen as rather robust, more research regarding
personality variables and learner characteristics that may affect the perception
and application of desirable difficulties is still valuable (e.g., Weissgerber,
Reinhard, & Schindler, 2016).
Internal and external locus of control
Locus of control describes the individual tendency to attribute causes of
life events to one’s own behavior or external influences (Rotter, 1975). The
origin of this construct lies in social learning theory (Rotter et al., 1972).
According to this theory there are two extremes - an internal and an external
locus of control (scores in between these extremes can of course also exist).
Individuals with a more internal locus of control assume a strong connection
between their behavior and the thereby resulting outcome. They are often dubbed
as internals. Individuals with a more external locus of control instead suppose
that external forces like chance/fate or powerful others have control over their
lives. They are often dubbed as externals (Rotter, 1975). Depending on the
conceptualization the construct can be measured two-dimensional (e.g., Rotter,
1975) or three-dimensional (e.g., Levenson, 1973) by dividing the external
extreme in two different dimensions (i.e. external locus of control because of
powerful others or external locus of control because of chance). Rotter further
defined locus of control as a generalized expectancy which only affects human
behavior in complex and ambiguous situations in comparison to specific
expectancies which lead individuals’ trough familiar situations (Rotter, 1975).
9
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In the past, research has often associated locus of control with specific
performance situations (Spector, 1982). Several experiments have shown that
internals outperform externals in actively seeking relevant information and in the
utilization of those information (e.g., Phares, 1968; Ude & Vogler, 1969; Wolk
& DuCette, 1973). Based on this, internals are generally considered to be more
successful and effective. Numerous experiments confirmed this assumption by
operationalizing professional success for instance in form of salary level or job
position (e.g., Valecha, 1972) as well as by judgements of supervisors (e.g.,
Majumder, MacDonald, & Greever, 1977). Better information seeking and
processing behavior as well as greater success (better grades) were also linked
with higher internal locus of control in academic context (Prociuk & Breen,
1997). However, within the research body of desirable difficulties - to our
knowledge - the construct of locus of control has never been considered before.
The current research
In the following we want to argue why locus of control could be an
important factor that may influence individuals’ perception and application of
desirable difficulties: Given that the application of desirable difficulties lead to
cognitively effortful learning processes (Bjork et al., 2012), then, especially in
those complex, ambiguous, and relatively unknown situations generalized
expectancies like locus of control should determine human behavior (Rotter,
1975). Given that individuals with a more internal locus of control generally act
more effective and successful (e.g., Majumder et al., 1977; Prociuk & Breen,
1997; Valecha, 1972), and additionally have better skills in seeking or utilizing
relevant information (e.g., Phares, 1968; Ude & Vogler, 1969; Wolk & DuCette,
1973), it can be assumed that for internals the application of desirable difficulties
isn’t as (mentally) challenging as for externals. Thus, an internal locus of control
could facilitate affective and cognitive perception regarding the application of
desirable difficulties. Regarding the external dimension, no correlation to
attitudes towards desirable difficulties is assumed. Externals don’t believe in the
effectiveness of their behavior. Therefore, to them it should make no difference
which specific learning strategy they use in order to reach their learning goal. In
their opinion they are not able to reach it by their own efforts because they
perceive it depending on powerful others, luck, chance and/or fate.
Therefore, we first predict that students who score higher in internal locus
of control have more positive attitudes towards desirable difficulties (Hypothesis
10
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1a), whereas students who score higher in external locus of control (because of
powerful others or chance) show no correlation to attitudes towards desirable
difficulties (Hypothesis 1b). Given that assumption, this should implicate an
increased application of desirable difficulties only for internals but not for
externals. Therefore, we second predict that students who score higher in internal
locus of control show increased self-reported use of desirable difficulties
(Hypothesis 2a), whereas students who score higher in external locus of control
(because of powerful others or chance) show no correlation to self-reported use
of desirable difficulties (Hypothesis 2b).
Methods
Participants
In total 504 participants (54% male) completed our online-survey.
Participants mean age was 26.58 (SD=6.83) and ranged from 16 to 68 years. The
majority (96%) of the participants were inhabitants of the USA. Participation
requirements contained that all subjects were registered students at the moment
of questioning. The recruitment took place via Amazon Mechanical Turk.
Measures
All of the measures were administered in English. The IPC-Scale
developed by Levenson (1973) was used to measure locus of control. Levenson
conceptualizes locus of control as a three-dimensional construct by dividing the
external extreme in two different categories. The I-Scale serves to measure the
internal extreme (=.788; e.g., „My life is determined by my own actions“). The
P-Scale measures perception of external control which arises from individuals
feelings that powerful others control their life events (=.880; e.g., „Getting what
I want requires pleasing those people above me“). The C-Scale measures the
external fatalistic control which is attributed with luck, fate and chance (=.878;
e.g., „Whether or not I get into a car accident is mostly a matter of luck“).
Participants were instructed to rate each statement on a 6-point Likert response
scale (1=strongly disagree and 6=strongly agree).
Dispositional stress as a control variable was assessed by Cohen’s and
Williams’s 10-item Perceived Stress Scale (1988). The questionnaire measures
the degree to which specific life events and situations are experienced as
stressful. General statements like for example “how often have you felt that
11
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things were going your way” or “how often have you felt nervous and stressed”
(=.859) should be assessed on a 5-point Likert response scale (1=never and
5=very often) regarding their probability of occurrence during the last month.
The measure of stress serves as a control variable to check whether the attitude
and the decision to use/not use mentally challenging learning strategies is
dependent of a specific level of stress which is common for students in their
academic environment (e.g., Abouserie, 1994; Anda et al., 2000; Heins, Fahey,
& Leiden, 1984).
Self-efficiency beliefs as a control variable were assessed using the
General Self-Efficacy Scale by Schwarzer and Jerusalem (1995). The scale
measures the extent to which someone beliefs to be able to handle critical
situations by oneself. Ten items (=.866; e. g., „I can usually handle whatever
comes my way“) should be rated on a 4-point Likert response scale (1=not at all
true and 4=exactly true).
Attitudes towards and self-reported use of desirable difficulties was
assessed with items used by Weissgerber et al. (2016; see also Weissgerber,
Reinhard, & Schindler, 2018). The scale concentrates on five different desirable
difficulties: self-generation of learning contents, labeled as generation,
generation of predictions, labeled as predictions, self-testing, spacing/
interleaving and practicing, which means a mixed form of self-testing with selfgenerated learning materials. Each of these five different desirable difficulties
types is captured with three items. Two items assessed the attitude towards each
type of desirable difficulty (e.g., „I like to create my own learning materials“; „I
think it is useful to acquire knowledge myself“). Self-reported use in selfregulated learning situations was assessed for each type of desirable difficulty
with one item (e.g., „Compared to other learning methods, I work out the subject
matter myself“). Participants were instructed to rate each statement on a 7-point
Likert response scale (1=totally disagree and 7=totally agree). Both, the attitudes
scale (=.890) and the self-reported use scale (=.805) showed good reliability.
Procedure
The survey contained three different parts. After participants gave their
permission to participate voluntary and reported that they were registered college
or university students, we assessed their demographics (i.e., gender, age,
homeland). The second part included the assessment of locus of control,
dispositional stress and self-efficiency beliefs in randomized order. During the
12

N. Reinhardt, K. Wenzel, and M. A. Reinhard / JPER, 2019, 27(1), May, 7-24
__________________________________________________________________

third part, the measure of attitudes toward and self-reported use of desirable
difficulties took place. At the end of the online survey the respondents were
thanked for their participation and got $0.60 as a reward.
Results
Table 1 shows the means, standard deviations and correlation
coefficients among all variables examined in this study. All correlations
coefficients were Bonferroni adjusted. The total value for attitudes exhibited a
mean value of 5.10 (SD=1.01) and for self-reported use a mean value of 5.05
(SD=1.06). Mean value of internal locus of control was 4.32 (SD=0.70), mean
value of external locus of control which arises from the feeling that powerful
others hold control above life events was 3.60 (SD=1.02) and mean value of
external fatalistic locus control was 3.50 (SD=1.02). Stress showed a mean value
of 2.82 (SD=0.70) and self-efficacy beliefs a mean value of 3.09 (SD=0.51).
Internal locus of control correlated significantly with attitudes towards
desirable difficulties (r=.549, p.001) and with self-reported use of desirable
difficulties (r=.526, p.001). Thus, internal locus of control is related to positive
attitudes towards and increased self-reported use of desirable difficulties. Neither
external locus of control because of powerful other, nor the external fatalistic
dimension was found to be correlated with attitudes towards desirable difficulties
and self-reported use of desirable difficulties. Both external locus of control
dimensions also showed no correlation to internal locus of control.
Regarding measured control variables both showed significant
correlations with the dependent variables. Stress correlated significantly with
attitudes towards (r=-.220, p.001) and self-reported use of desirable difficulties
(r=-.193, p.001), both negatively. Thus, lower levels of stress are related to
positive attitudes towards and increased self-reported use of desirable
difficulties. Self-efficiency beliefs also showed significant correlations with
attitudes towards desirable difficulties (r=.498, p.001) and with self-reported
use of desirable difficulties (r=.477, p.001). Thus, higher values of selfefficiency beliefs are related to positive attitudes towards and increased selfreported use of desirable difficulties. Furthermore, there was a negative
correlation between stress and self-efficiency beliefs (r=-.537, p.001).
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Table 1. Intercorrelations, Means, Standard Deviations and Cronbachs  for Attitudes Toward
and Self-Reported Use of Desirable Difficulties, Locus of Control, Stress, and Self-Efficiency
Beliefs (N=504)
1.
2.
3.
4.
5.
6.
7.
M
SD

1. Attitudes
1
5.10
1.01
.890
2. Self-reported use
.884**
1
5.05
1.06
.805
3. Internal
.549**
.526**
1
4.32
0.70
.788
4. Powerful others
.051
.096
.095
1
3.60
1.02
.880
5. Chance
.046
.103
.048
.838**
1
3.50
1.02
.878
6. Stress
-.220**
-.193**
-.298**
.474**
.513**
1
2.82
0.70
.859
7. Self-efficiency
.498**
.477**
.581**
-.210**
-.216**
-.537** 1
3.09
0.51
.866
Note: *p<.05 (two-tailed); **p<.001 (two-tailed); all calculated correlations were Bonferroni adjusted; Attitudes=attitudes
towards desirable difficulties; Self-reported use=Self-reported use of desirable difficulties; Internal=Internal locus of control
dimension; Powerful others=External locus of control dimension because of powerful others; Chance=External locus of
control because of chance; Self-efficiency=Self-efficiency beliefs.

Note that a more detailed look to the different kinds of desirable
difficulties reveals quiet the same correlations for the specific scores (see
Appendix Table A). Correlations with internal locus of control all reached
significance and showed a positive direction (r=.566, p.001 to r=.705,
p.001). Correlations with external locus of control predominantly reached
no significance with specific scores of desirable difficulties. Only
interleaving / spacing showed a significant correlation with external fatalistic
locus of control (r=.161, p.05).
To test Hypothesis 1a which claimed that students who score higher in
internal locus of control have more positive attitudes towards desirable
difficulties and Hypothesis 1b which claimed that students who score higher in
external locus of control (because of powerful others or chance) show no
correlation to attitudes towards desirable difficulties, already the presented
correlations indicated support (Table 1). Thus, internal locus of control was
positively linked to attitudes towards desirable difficulties (r=.549, p.001) but
neither the external dimension because of powerful others, nor the external
fatalistic dimension exhibited significant correlations. To strengthen these
findings, a multiple, stepwise regression analysis was conducted. Respectively,
attitudes towards desirable difficulties was used as criterium and the three
dimensions of locus of control were used as predictors. Additionally, in a second
and third step, gender, age, self-efficiency beliefs and stress were added as
control variables to test if the effect of internal locus of control would remain
robust (Table 2).
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Table 2. Multiple, Stepwise Regression Analysis with Attitudes Toward Desirable Difficulties as
the Criterion and Locus of Control, Gender, Age, Self-Efficiency Beliefs, and Stress as Predictors
(N=504)
Parameter estimates
Predictors
B
SE
β
t
p
R2
rx(y, z)
Internal
0.821
0.056
.551
14.673
<.001
.303
.548
Powerful others
-0.060
0.068
-.061
-0.880
.379
-.033
Chance
0.070
0.068
.070
1.026
.305
.038
(2)
Internal
0.828
0.056
.556
14.712
<.001
.307
.549
Powerful others
-0.047
0.068
-.047
-0.686
.493
-.026
Chance
-0.068
0.068
.069
1.011
.312
.038
Age
-0.003
0.006
-.019
-0.493
.623
-.018
Gender
-0.131
0.078
-.065
-1.690
.092
-.063
(3)
Internal
0.553
0.069
.371
8.028
<.001
.362
.288
Powerful others
0.015
0.067
.016
0.232
.817
.008
Chance
0.090
0.067
.091
1.345
.179
.048
Age
-0.003
0.005
-.020
-0.541
.589
-.019
Gender
-0.133
0.075
-.066
-1.773
.077
-.064
Self-efficiency
0.603
0.099
.306
6.088
<.001
.218
Stress
0.001
0.071
.000
0.009
.992
.000
Note: rx(y, z)=Semipartial correlation coefficients; Internal=Internal locus of control dimension; Powerful others=External
locus of control dimension because of powerful others; Chance=External locus of control because of chance; Selfefficiency=Self-efficiency beliefs.
Model
(1)

As shown in Table 2 (model 1) internal locus of control significantly
predicted attitudes towards desirable difficulties (=.551, p.001). The model
explained 30.3% of variance, F(3, 500)=72.394, p.001, R2=.303, R2adjusted=.299.
Gender- or age-effects did not exist. Thus, neither gender nor age did change the
effects of internal locus of control as a predictor (model 2). However, it should
be pointed out that self-efficiency beliefs (model 3) also had a significant impact
on attitudes towards desirable difficulties (=.306, p<.001). In the shared model
(model 3) the impact of internal locus of control decreased but still reached a
significant level (=.371, p<.001). The shared model explained 36.2% of
variance, F(7, 496)=40.219, p<.001, R2=.362, R2adjusted=.353. In all of the three
models neither external locus of control because of powerful others, nor external
fatalistic locus of control showed a significant effect to attitudes towards
desirable difficulties.
To test Hypothesis 2a which claimed that students who score higher in
internal locus of control show increased self-reported use of desirable difficulties
and Hypothesis 2b which claimed that students who score higher in external
locus of control (because of powerful others or chance) show no correlation to
self-reported use of desirable difficulties, again, the already presented
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correlations indicated support (Table 1). Thus, internal locus of control was
positively linked to attitudes towards desirable difficulties (r=.549, p.001) but
neither the external dimension because of powerful others, nor the external
fatalistic dimension exhibited significant correlations. For further analysis a
multiple, stepwise regression analysis was conducted. Respectively, selfreported use of desirable difficulties was used as criterium and the three
dimensions of locus of control were used as predictors. Additionally, in a second
and third step, gender, age, self-efficiency beliefs and stress were added as
control variables to test if the effect of internal locus of control would remain
robust (Table 3).
Table 3. Multiple, Stepwise Regression Analysis with Self-Reported Use of Desirable Difficulties
as the Criterion and Locus of Control, Gender, Age, Self-Efficiency Beliefs, and Stress as
Predictors (N=504)
Parameter estimates
Model

Predictors

B

SE

β

t

p

R2

rx(y, z)

(1)

Internal
0.826
0.060
.526
13.801
<.001
.284
.522
Powerful others
-0.063
0.073
-.061
-0.871
.384
-.033
Chance
0.134
0.072
.128
1.844
.066
.070
(2)
Internal
0.834
0.060
.531
13.836
<.001
.286
.524
Powerful others
-0.052
0.073
-.050
-0.710
.478
-.027
Chance
0.133
0.072
.127
1.832
.068
.069
Age
0.000
0.006
.002
0.062
.950
.002
Gender
-0.110
0.083
-.052
-1.328
.185
-.050
(3)
Internal
0.532
0.074
.338
7.215
<.001
.345
.262
Powerful others
0.018
0.071
.017
0.255
.799
.009
Chance
0.161
0.072
.154
2.248
.025
.082
Age
0.000
0.006
.001
0.034
.973
.001
Gender
-0.114
0.080
-.054
-1.425
.155
-.052
Self-efficiency
0.648
0.106
.312
6.123
<.001
.222
Stress
-0.020
0.076
-.013
-0.260
.795
-.009
Note: rx(y, z)=Semipartial correlation coefficients; Internal=Internal locus of control dimension; Powerful others=External
locus of control dimension because of powerful others; Chance=External locus of control because of chance; Selfefficiency=Self-efficiency beliefs.

As shown in Table 3 (model 1) internal locus of control significantly
predicted self-reported use of desirable difficulties (=.526, p.001). The model
explained 28.4% of variance, F(3, 500)=66.029, p.001, R2=.284, R2adjusted=.279.
Gender- or age-effects did not exist. Thus, whether gender nor age did change
the effects of internal locus of control as a predictor (model 2). But it should be
pointed out that self-efficiency beliefs (model 3) also had a significant impact on
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self-reported use of desirable difficulties (=.312, p<.001) as well as the external
fatalistic dimension of locus of control labeled as chance (=.154, p<.025). In
the shared model (model 3) the impact of internal locus of control decreased but
still reached a significant level (=.328, p<.001). The shared model explained
34.5% of variance, F(7, 496)=28.115, p<.001, R2=.345, R2adjusted=.336.
Hypothesis 1a claimed that students who score higher in internal locus of
control have more positive attitudes towards desirable difficulties and
Hypothesis 1b claimed that students who score higher in external locus of control
(because of powerful others or chance) show no correlation to attitudes towards
desirable difficulties. Regression analysis revealed a significant impact of
internal locus of control on attitudes towards desirable difficulties - note that the
effects remain robust although adding control variables (i.e., gender, age, selfefficiency beliefs, and stress) - and no significant effects of both external
dimensions of locus of control (Table 2). Therefore, Hypothesis 1a and 1b can
be accepted. Hypothesis 2a claimed that students who score higher in internal
locus of control show increased self-reported use of desirable difficulties and
Hypothesis 2b claimed that students who score higher in external locus of control
(because of powerful others or chance) show no correlation to self-reported use
of desirable difficulties. Regression analysis revealed a significant impact of
internal locus of control on self-reported use of desirable difficulties - note that
the effects remain robust although adding control variables (i.e., gender, age,
self-efficiency beliefs, and stress) - but also a significant effect of external
fatalistic locus of control (Table 3). Therefore, only Hypothesis 2a can be
accepted whereas Hypothesis 2b must be rejected.
Conclusions
This study was initiated to examine the relationship between perceptions
of desirable difficulties and personality factors, respectively learner
characteristics. Our research project seemed to be necessary because although
positive effects of desirable difficulties on learning success are relatively well
understood through past research, personality variables that may affect
perceptions and applications of such desirable difficulties still need further
exploration (e.g., Weissgerber et al., 2018). The present study focused on locus
of control, a personality construct that describes the extent to which individuals
feel to have control over the outcome that arises from their own behavior (Rotter,
17
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1975). We assumed a more internal locus of control to be linked to positive
attitudes towards and increased self-reported use of desirable difficulties,
whereas a more external locus of control should not be linked to attitudes towards
and self-reported use of desirable difficulties.
The reported findings could support our first three assumptions: Our
results provided significant correlation between internal locus of control and
attitudes towards desirable difficulties (Hypothesis 1a), as well as no correlation
between external locus of control (because of powerful others or chance) and
attitudes towards desirable difficulties (Hypothesis 1b). There was also a
significant correlation between internal locus of control and self-reported use of
desirable difficulties (Hypothesis 2a). These findings are in line with past
research, which mostly demonstrated that individuals with a more internal locus
of control generally act more effective and successful (e.g., Majumder et al.,
1977; Prociuk & Breen, 1997; Valecha, 1972) and have better skills in seeking
or utilizing relevant information (e.g., Phares, 1968; Ude & Vogler, 1969; Wolk
& DuCette, 1973). Thus, we assumed that for internals the application of effortful
learning strategies isn’t as (mentally) challenging as for externals, which in turn
could facilitate affective and cognitive perception of such difficulties only for
internals but not for externals. Presented correlations (Table 1) and multiple,
stepwise regression analyses (Table 2 and Table 3) confirmed these assumptions.
Newly - and surely the added value of this study - is the transferability of the
results on the learning context respectively the context of attitudes towards and
self-reported use of desirable difficulties.
Contrary to our assumptions, the presented regression analysis (Table 3)
showed external fatalistic locus of control to be a significant predictor of selfreported use of desirable difficulties. We did not predict this because we
theoretically assumed students with a more external locus of control to not
believe in the effectiveness of their own behavior, so that they should not show
preferences for specific learning strategies. Still, the external fatalistic dimension
showed a significant correlation to self-reported use of desirable difficulties so
that we cannot support Hypothesis 2b.
Taking a more detailed look at the correlations between external fatalistic
locus of control and the specific desirable difficulties, only interleaving/spacing
reached significance, whereas the other kinds (in line with our expectation) were
not correlated with external fatalistic locus of control (see Appendix Table A).
In comparison to the other specific kinds of desirable difficulties,
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interleaving/spacing requires less activity than the other ones because it only
consists of mixing different topics throughout different learning sessions.
Because less proactivity is needed, maybe this strategy isn’t that challenging as
the other ones and therefore fatalistic externals believe that they can handle it
with luck, fate and chance. Therefore, our hypothesis possibly cannot be applied
to this specific kind of desirable difficulties because interleaving/spacing isn’t
seen as a real difficulty. Further, we advise to be careful by interpreting external
fatalistic locus of control as predictor for self-reported-use of desirable
difficulties because the external fatalistic dimension only reached significance in
a shared/larger model (model 3) within which the control variables stress and
self-efficiency beliefs were integrated (Table 3). Thus, it seems that the external
fatalistic dimension shares some variance with stress and/or self-efficiency
beliefs. Individuals scoring higher on the external fatalistic dimension could
possibly be less sensitive to stress, insofar as that they believe their success to be
dependent of fatalistic causes like chance and not on their own abilities. Future
studies focusing on the relation between external locus of control and stress
would be valuable to further explore this linkage.
In general, we want to highlight that internal locus of control significantly
correlated with all kinds of desirable difficulties and that regression analyses
revealed that the major impact on self-reported use of desirable difficulties
emanates from internal rather than external fatalistic locus of control. Due to this,
we consider internal locus of control as the more important factor regarding
affective and cognitive perception of desirable difficulties. Hence, the following
practical implications will only refer to the role of internal locus of control.
Altogether, the findings are relevant for students in self-determined
learning situations as well as for teachers whose aim it should be to promote the
long-term learning success of their students. Teachers should be aware that
different students, with their different learner characteristics, show different
learning styles and that students (external) locus of control could be one
important factor why some of them use more ineffective strategies, while others
make greater use of more effective strategies. Given that internals and externals
benefit equal from the application of desirable difficulties, especially insecure
students which may feel overstrained (because of their external locus of control)
should be sensitized above the superior learning benefits of desirable difficulties.
Besides, teacher could help externals as well as internals using desirable
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difficulties for instance through presenting them more opportunities to do so in
the school or university context.
However, one limitation of our study is that we focused on correlations
and not on causal effects. Thus, future studies should try to test our results using
manipulations and not only observing relations. In line with this, even if our
study showed that individuals with a more internal locus of control had more
positive perceptions and increased applications of those strategies, it did not
automatically evidence that internals also achieve greater learning success per se.
The effect of locus of control on learning success due to the application of
desirable difficulties has not yet been clarified. Thus, it seems to be interesting
for further research to examine if locus of control acts as moderator in the relation
between application of desirable difficulties and learning success in a real
academic context. If internals and externals for instance don’t benefit equally
from the application of desirable difficulties - for example because internals
show better skills in seeking relevant information (e.g., Phares, 1968; Ude &
Vogler, 1969; Wolk & DuCette, 1973) - a new question follows: In this case it
seems to be valuable that teachers could be able to shift locus of control of their
students to a more internal direction to promote their learning success. Thus,
further research should examine if locus of control is changeable in an academic
context.
Furthermore, it seems to be important to focus on the difference between
locus of control and self-efficiency beliefs. In both multiple regression analyses
self-efficiency beliefs showed significant impact on attitudes towards desirable
difficulties (however, the effects of internal locus of control remained significant
even while controlling for self-efficiency beliefs). Indeed, self-efficiency belief
coefficients were even relatively smaller than coefficients of internal locus of
control. Hence, further research should focuse on the difference between locus
of control and self-efficiency beliefs.
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We examined if the beneﬁts of generation for long-term learning depend on individual
differences in performance expectancies (PEs) prior to learning. We predicted that
a greater generative activity (problem-solving) compared to less generative activity
(worked-examples) should be more effective for pupils with higher PEs, especially in the
long run. As a comparison group for problem-solving, we implemented a special type
of worked-examples that decreased engaging in self-explanations, because our main
prediction focused on PEs moderating the long-term effectivity of less versus greater
generative activities. We tested students’ immediate and delayed performance (after
3 months) using coherent curricular materials on linear functions in a sample of eighth
graders (advanced school track). The results were partly in line with our predictions:
Although we found no moderation of PE and generative activity, we obtained the
predicted 3-way interaction of PE, generative activity, and time. Immediately, greater
generative activity (problem-solving) was beneﬁcial for pupils with higher PEs, while
for pupils with lower PEs, problem-solving versus worked-examples did not differ.
In the delayed test, this pattern reversed: for lower PEs, greater generative activity
outperformed less generative activities, but there was no difference for higher PEs.
Unexpectedly, the initial advantage of problem-solving for higher PEs could not be
maintained, decreasing over three subsequent months, whereas the performance in the
worked-example condition remained at a comparable level for higher PEs. The change
in performance in the problem-solving condition for lower PEs was descriptively less
pronounced than in the worked-example condition, but statistically not different. We
further investigated the effects of problem-solving and worked-examples on changes
in PEs after learning and after testing, hinting at gradual decrease in PEs and
greater metacognitive accuracy in the problem-solving condition due to a reduction
of overconﬁdence.
Keywords: desirable difficulties, problem-solving,
expectancies, meta-cognition, long-term learning

generation

effect,

worked-examples,

performance

INTRODUCTION
The idea to trouble a learner by a diﬃcult learning task may appear strange. Intuitively, wouldn’t
one ease the learning task to match the learner’s achievement prediction in hope of raising said
learner’s achievement prospects? Yet, a growing body of research on a phenomenon dubbed
“desirable diﬃculties” (e.g., Bjork, 1994; Bjork and Bjork, 2011) indeed supports such a seemingly
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study concerns the eﬀects of problem-solving as the incantation
of generation on changes and accuracy in PEs prompted after
learning and after testing as metacognitive assessments.
Our present paper follows two related lines of argumentation.
First, we introduce the generation eﬀect as a desirable diﬃculty
and introduce how interindividual diﬀerences can play a
moderating role for learning success. These considerations serve
to build the case for PEs prior to learning as moderators
for problem-solving requiring greater generation activity than
our worked-examples. We then outline how PEs after learning
and testing may function as metacognitive assessments. These
later PEs are likely diﬀerentially aﬀected by problem-solving
in contrast to worked-examples regarding competence illusions,
which would pose consequences for metacognitive accuracy.
Thus, PEs should be more accurate after working on greater
generative problem-solving tasks than after less generative tasks
of simply studying already worked-examples (with explicit
explanations on solution steps).

odd learning approach. The label “desirable diﬃculties” subsumes
various learning conditions which require considerable but
manageable eﬀort to foster long-term learning. Although the
introduced diﬃculties may not be beneﬁcial for the short
term, overcoming the diﬃculties may induce desirable cognitive
processes and strengthen memory, thus paying oﬀ in the long run
(e.g., Bjork and Bjork, 1992, 2011; Bjork, 1994).
It is often theorized that such learning gains can be
attributed to stimulations of cognitive processes that increase
an understanding and deeper encoding of information, and that
desirable diﬃculties anchor information in long-term memory
(e.g., Bjork and Bjork, 1992; Bjork, 1994). The kind of processing
required of a diﬃcult learning task and the processing used
by the learner are identiﬁed as two central aspects regarding
the desirability of a diﬃculty (McDaniel and Butler, 2011):
Interindividual learner’s characteristics and the learning task can
moderate the beneﬁcial eﬀects of desirable diﬃculties on learning
success. A small but growing body of research concerns this
interplay; thus, one goal of the present study is to examine the
role of interindividual diﬀerences in performance expectancies
(PEs) prior to learning as a moderator for learning outcomes
when studying with two diﬀerent activities: either with problemsolving requiring greater generation activity to solve math
problems, or with (a special type of) worked-examples requiring
less generative activity since the solution and solution steps
were explained. The explicit instructions on the solution steps
decrease learners’ engagement in self-explanation and therefore
lower learners’ generative activity, while still providing expert
mental models. Our worked-examples function as comparison
group to problem-solving. As such, our special worked-examples
condition resembles more closely the common (re-) reading
control group in research on generation (e.g., Bertsch et al.,
2007) and testing eﬀects (e.g., Kornell et al., 2012). Learning
by (re-)reading can lead to overconﬁdence as unjustiﬁably high
meta-cognitive judgments of one’s learning compared to actual
learning outcomes (e.g., Karpicke and Blunt, 2011). In this
sense, studying our worked-examples may convey the (mistaken)
assumption that read information is already learned, even
though learners may not be able to recall the information.
Such an illusion of competence can be the consequence of
undiagnostic cues whenever information is present during
studying and absent but solicited at a performance test (Koriat,
1997; Koriat and Bjork, 2006).
Desirable diﬃculties can decrease learners’ illusion of
competence (e.g., Karpicke et al., 2009; Diemand-Yauman et al.,
2011) by decreasing the mismatch of cognitive processing during
study and during testing (McDaniel and Butler, 2011). Test and
retrieval experience in particular reduce competence illusions
(Koriat and Bjork, 2006). Thus, experiencing diﬃculties during
problem-solving as a test event requiring greater generative
activity may challenge learners’ competence illusion and in
turn increase metacognitive accuracy (especially beyond the
accuracy of studying worked-examples, which learners did not
have to solve or engage in much self-explanations). In particular,
literature on self-regulation has emphasized the value of accurate
metacognitions for the regulation of future learning behavior
(e.g., Zimmerman, 2008). Thus, another goal of the present
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The Generation Effect as Desirable
Difficulty
The beneﬁts of multiple desirable diﬃculties [e.g., generation
eﬀect, Bertsch et al. (2007); testing eﬀect, Roediger and Karpicke
(2006); distributed learning, Cepeda et al. (2006)] for memory,
comprehension, and transfer are well documented (e.g., Bertsch
et al., 2007; Rowland, 2014; Adesope et al., 2017). One form
of desirable diﬃculties is the generation eﬀect, which concerns
the ﬁnding that actively generated information (e.g., solving
problems, ﬁnding solutions to problems, generating answers, or
producing of information) is remembered better than if the same
information is more passively consumed (e.g., reading already
solved problems or already worked-examples; e.g., Bertsch et al.,
2007). All generative activities have in common that they require
learners to engage in more eﬀortful and deeper processing. In
line with this, generated information requires learners to go
beyond the information, for instance by relational processing of
the provided information or by constructing links to previous
knowledge (see Wittrock, 1989; Fiorella and Mayer, 2016). In line
with this, actively generating information is more diﬃcult than
its mere reception (e.g., McDaniel et al., 1988; Ebbinghaus, 1913;
DeWinstanley and Bjork, 2004; Bertsch et al., 2007), as is the
generation of predictions and inferences rather than repetitions
of solutions (e.g., Crouch et al., 2004).
Despite – or actually because of – being more diﬃcult,
self-generation can be more eﬀective (e.g., Bertsch et al.,
2007). Beneﬁcial generation eﬀects in learning were shown with
naturalistic and/or curricular materials regarding complex topics
(e.g., astronomy, engineering, physics) conducted in schools
and universities (e.g., Renkl et al., 2002; Crouch et al., 2004;
Richland et al., 2005; Moreno et al., 2009). Thus, positive eﬀects
of generation tasks arise in complex and realistic situations (and
not only in laboratory settings using artiﬁcial or simple tasks).
Furthermore, the generation eﬀect is often thought to be related
to the testing eﬀect but considered to be broader in retrieval mode
(e.g., Karpicke and Zaromb, 2010) requiring more elaborative
in-depth processing (e.g., Bertsch et al., 2007; Rowland, 2014).
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and the performance test are interrelated (e.g., McDaniel et al.,
2002; McDaniel and Butler, 2011). Thus, they emphasize learner
characteristics and prerequisites as moderators for the beneﬁcial
eﬀects of desirable diﬃculties on learning success.
On the one hand, the authors (e.g., McDaniel et al., 2002;
McDaniel and Butler, 2011) imply that desirable diﬃculties
may be especially beneﬁcial for learners with lower (cognitive)
abilities. That is, diﬃculties could lead to cognitive processes and
applications of eﬀective strategies that learners would not have
spontaneously used themselves. This in turn enhances learning,
so desirable diﬃculties instigate compensatory processes. For
instance, diﬀerent studies implementing varying forms of
desirable diﬃculties supported this assumption for the following
abilities: lower general intelligence, lower structure building
readers, and lower cognitive motivation (lower need for
cognition; McDaniel et al., 2002; Brewer and Unsworth, 2012;
Schindler et al., 2019).
On the other hand, researchers also implied that desirable
diﬃculties can only increase learning if learners are able to fulﬁll
the prerequisites of the diﬃcult tasks. Hence, the eﬀectivity of
the desirable diﬃculties is tied to complementary preconditions
between learners and tasks. For instance, studies showed higher
previous knowledge and higher reading skills to be prerequisites
for beneﬁcial desirable diﬃculties (McNamara et al., 1996;
McDaniel et al., 2002). McDaniel et al. (2002) supposed that
less able readers had to use most of their processing capacities
to correctly generate the items, so that they had no cognitive
resources left to further process and encode the information.
These assumptions indicate that learner characteristics can
moderate the beneﬁcial eﬀects of desirable diﬃculties in the
above-mentioned two ways. However, the assessment of learner
characteristics has so far not been exhaustive, meaning that
further characteristics, for instance (cognitive-motivational)
expectancies, are worthy to be explored.

Moreover, the advantage of generation/testing increases for
longer time periods between the generation task and the criterion
test of the learned information (e.g., Bertsch et al., 2007), even
though generation, for example of problem-solutions, may be
undesirable in the short-term at the beginning of knowledge
acquisition when worked-examples are more desirable (Kalyuga
et al., 2003). Even worked-examples can outperform testing
activities long-term when previous knowledge is low and the
materials are high in element-interactivity (van Gog and Kester,
2012; van Gog et al., 2015). However, our special workedexamples, serving as control group, violated an important
guideline (Renkl, 2014): Reducing self-explanation diminishes
the eﬀectivity of worked-examples (e.g., Berthold and Renkl,
2009; Hefter et al., 2014). The goal was to increase the diﬀerence
in generative activity across both learning conditions: Problemsolving required greater generation, whereas worked-examples
prompted little generative activities due to providing expert
problem-solving schemes with high instructional guidance. Thus,
we did not expect a worked-example eﬀect (e.g., Schworm and
Renkl, 2006; see also Wittwer and Renkl, 2010). It was necessary
to avoid comparing two learning conditions that both entailed
highly generative elements to examine our proposed moderation
of PE and long-term eﬀectivity for generative activities. However,
worked-examples reduce cognitive load and are advantageous
during initial acquisition. Problem-solving is more eﬀective later
on – after learners’ expertise has increased (e.g., Renkl and
Atkinson, 2003) – as well as for learners with greater previous
knowledge (e.g., Kalyuga et al., 2001). This phenomenon is
known as the expertise-reversal effect (e.g., Kalyuga et al., 2003;
Kalyuga and Renkl, 2010; Spanjers et al., 2011).
Because of the diﬃculty of the generation task, learners can
make errors while generating or fail to generate/solve problems
at all (especially if they are forced to engage in such a challenging
learning task; cf., Metcalfe and Kornell, 2007). The eﬃciency
of generation, however, depends on the success of generation;
more accurately, generated items lead to more learning success
(e.g., Richland et al., 2005; Rowland, 2014). Thus, giving feedback
and/or correcting errors moderate the beneﬁts gained from
generation tasks (e.g., Slamecka and Fevreiski, 1983; Pashler et al.,
2005; Kang et al., 2007; Metcalfe and Kornell, 2007; Potts and
Shanks, 2014; Metcalfe, 2017). Taking this into account, diﬀerent
learner characteristics potentially moderate the positive eﬀects
of generation tasks. This notion is echoed in other research
(e.g., expertise reversal eﬀect; Kalyuga et al., 2003; Kalyuga and
Renkl, 2010; Spanjers et al., 2011). For instance, the expertise
reversal eﬀect states that some learning processes that prove
beneﬁcial for weaker learners or learners with lower previous
knowledge (due to reduced working memory load) have no eﬀect,
or even detrimental eﬀects, for stronger learners or learners with
higher previous knowledge. Thus, it seems important to check for
learner requirements or moderators that enhance the beneﬁts of
diﬃcult learning conditions.
A hypothesis for when diﬃculties are desirable explicitly
conceptualizes the moderating role of learners for diﬃculties to
be desirable, speciﬁcally, the ﬁt between learners’ characteristics
and the generation task; the ﬁt of the learning content and
the type of generation task; and the ﬁt of the generation task
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Performance Expectancies Prior to
Learning as Moderator for the
Generation Effect
One such learner characteristic worth examining may be
performance expectancies (further PE/PEs). Expectancies are
theorized to inﬂuence learners’ behavioral orientations as well
as the intensity or persistence of learners’ behaviors and
consequently their performance (e.g., Eccles, 1983; Eccles and
Wigﬁeld, 2002). PEs describe individuals’ subjective beliefs or
ratings of how well one will perform in academic or achievement
related tasks (e.g., Eccles, 1983; Eccles and Wigﬁeld, 2002;
Marshall and Brown, 2004) and could be related to or inﬂuenced
by previous knowledge (for instance, higher previous knowledge
could enhance the expectation to solve the same tasks). PEs
are metacognitive predictions about future performances with
motivational consequences: Such expectancies have been shown
to be positively related to actual performance because they
can shape the time and eﬀort learners invest in tasks (e.g.,
Marshall and Brown, 2004; Schindler et al., 2016). PEs depend
on an individual’s self-concept and the perceived diﬃculty of
the learning task (e.g., Marshall and Brown, 2004; Dickhäuser
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performance beliefs (Marshall and Brown, 2004), they are
(task-speciﬁc) metacognitive competence ratings and as such
are a form of metacognitive judgment. PEs prompted after
learning – similar to JOL prompted after learning – should be
less inﬂuenced by the self-concept and instead should be more
rooted in the experience of the actual learning task. Therefore,
previously found eﬀects of problem-solving versus workedexample studying on metacognitions and accuracy are likely to
apply to PEs as well.

and Reinhard, 2006). PEs only enhanced actual performance for
diﬃcult tasks but had no inﬂuence on performance on easy tasks
[probably because these can be solved without further eﬀort; e.g.,
Marshall and Brown (2004), Reinhard and Dickhäuser (2009)].
This should be especially relevant for desirable diﬃculties, which
are inherently more diﬃcult learning tasks.
Accordingly, generation tasks (and the required more
intensive and deeper information processing) should be more
eﬀective for learners with higher PEs: Learners with higher
PEs should better match the diﬃcult generation tasks because
they are more motivated to exert (cognitive) eﬀort, time, and
persistence. In contrast, low PEs can potentially reduce learners’
motivation and persistence while working on generation tasks
because learners believe that they will not be able to solve the
tasks. Further, higher PEs can be seen as a more relevant learner
characteristic for (diﬃcult) tasks in which participants must
actually solve problems, in contrast to (easier) tasks in which they
have to read worked-examples.

Effects of Problem-Solving on
Performance Expectancies as
Metacognitive Assessments
In contrast to problem-solving, worked-examples can be seen
as procedural solution scaﬀolds and are thereby mentally less
taxing (in terms of working-memory load) and designed to ease
schema construction (Sweller, 2006). However, such reduced
diﬃculty (relative to problem-solving) can have metacognitive
drawbacks in terms of conveying an illusion of competence
after studying worked-examples (Baars et al., 2014, 2016), for
example, when the content is currently accessible but will not
be (completely) available later (e.g., Koriat and Bjork, 2005;
Karpicke et al., 2009). Competence illusions during and after
learning can negatively impact learning success: Overconﬁdence
can lead to faulty regulation, such as early study termination
or inaccurate selection of materials for restudy (Thiede et al.,
2003; Dunlosky and Rawson, 2012). Overconﬁdence may also
lead learners to underestimate the eﬀort necessary to internalize
correct and complete problem-solving schemas from workedexamples (Kant et al., 2017). Thus, experiencing diﬃculties
while learning with problem-solving may challenges learner’s
competence illusion, which may stimulate learners to engage
in deeper and (cognitive) more eﬀortful information processing
(e.g., McNamara et al., 1996; Diemand-Yauman et al., 2011);
and increase metacognitive accuracy in terms of predicted
performance and actual performance (Baars et al., 2014); as well
as, increase regulation accuracy in terms of selecting the right
materials for restudy (Baars et al., 2016).
Multiple reasons are discussed as to why problem-solving
can improve metacognitive accuracy. Baars et al. (2016) suggests
that problem-solving as a generation activity allows learners to
recall and test the quality of their acquired schema. They further
capitalize on the idea of postdiction judgments (Griﬃn et al.,
2009), which refers to the idea of utilizing test performance of
a previously completed task as a cue on which to base judgments.
Others suggest that encoding and retrieval ﬂuency can inﬂuence
metacognitive judgments (Agarwal et al., 2008; Pieger et al.,
2017). All have the same implication that problem-solving entails
more accurate cues on which to base metacognitive judgments,
reducing overconﬁdence and increasing metacognitive accuracy
(Kant et al., 2017).
The presented logic and previous ﬁndings of problemsolving versus studying worked-example on metacognitions and
accuracy should also prove applicable to PEs: Learners may use
the experienced diﬃculty of solving problems as opposed to
reading worked-examples as a cue to lower their PEs, because the

Performance Expectancies After
Learning and Testing as Metacognitive
Assessments
The previous considerations focused on PEs – formed prior
to working on a learning task – as a learner characteristic,
which may function as a moderator for learning success. PE in
this sense is identiﬁed as another potential moderator similar
to other moderators discussed above, like previous knowledge.
The diﬀerence of PE in comparison to these aforementioned
moderators lies in the metacognitive nature of PE, whereas
previous knowledge is cognitive in nature. Thus, a metacognitive
performance judgment prior to learning may moderate learning
success. This can be seen as one part of the story. The second part
concerns how metacognitive judgments can act as a moderator
for regulatory processes during and after learning, and therefore
act as a mediator for learning success (e.g., Serra and Metcalfe,
2009). In this sense, PE – formed during or after learning and
testing – may potentially be tied to metacognitive accuracy and
metacognitive accuracy (in tandem with regulation accuracy) was
shown to function as a mediator for learning success (e.g., Thiede
et al., 2003). Therefore, we will brieﬂy consider how solving
problems opposed to studying problem solutions may inﬂuence
metacognitive assessments and accuracy.
Metacognition – which refers to the knowledge of one’s
own cognitive processes – can direct regulatory processes
such as restudy choices (Dunlosky and Metcalfe, 2009).
For example, problem-solving can improve the accuracy
of judgments of learning (JOL) by decreasing performance
overestimations (Baars et al., 2014, 2016). Accurately estimating
and monitoring one’s performance are important educational
outcomes because accurate metacognition eﬀectively guides
studying (Dunlosky and Lipko, 2007). Since metacognitive
assessments guide learning, for example, by invested time
(Son and Metcalfe, 2000), mental eﬀort (Mihalca et al., 2017),
or restudy decisions (Thiede et al., 2003; Dunlosky and
Rawson, 2012), so do PEs inﬂuence time and eﬀort allocations
(Schindler et al., 2016). Since PEs describe individuals’ subjective
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diﬃculty of solving problems may challenge learners’ competence
illusion. In contrast, reading less diﬃcult worked-examples
may not challenge learners’ competence misconceptions. If so,
learners in the problem-solving condition should decrease their
PEs after the learning task and indicate more accurate PEs with
respect to the later test outcome. Learners in the worked-example
condition should not adjust their PEs. Hence, metacognitive
accuracy should be improved in the problem-solving condition
in contrast to worked-examples.

overestimates. In contrast, a mere reading of problems and
their solutions should align with a higher (misplaced) sense of
competence (cognitive illusion), which should result in higher
PEs for problem-information than for read-only.
We will thus test if the formation of more accurate PEs
depends on active problem-solving required by the learning task:
Initial PE prior to learning (and hence prior the experimental
manipulation) should not diﬀer, whereas during learning (and
hence depending on the experimental learning condition), PEs in
the solving condition should be lower compared to the workedexample condition. This diﬀerence should be eliminated once
the problems of the performance test are completed by all (that
is, also by worked-example learners), and pupils must indicate
retrospectively how well they thought they did in the test (because
all learners experienced the diﬃculty of problem-solving, in this
case of the test problems).
Regarding later PEs prior to the second performance test
3 months later, it is possible that pupils base their PEs on
their judgments of their performance after the ﬁrst test. In
this scenario, PEs prior to the second test may equal the posttest PEs. Another scenario may be that pupils remember the
learning experience and base it on the experienced diﬃculty
while learning, thus PEs prior to the second test may be lower
in the problem-solving condition. In either case, we predicted
an interaction eﬀect of condition and time on metacognitive
judgments of performance (H4). Moreover, calibration accuracy
(a smaller diﬀerence between expected performance and actual
performance) should be more precise for problem-solvers in
contrast to worked-examples: If learners in the problem-solving
condition decrease their PEs after the learning task, their PEs
should be more accurate with respect to the later test outcome.
Learners’ unadjusted PEs in the worked-example condition
maintain a competence misconception and therefore should be
less accurate (H5). We tested these hypotheses by additionally
measuring PEs after learning, after the immediate performance
test, and prior to the delayed performance test.

The Present Study
The present work focuses on the generation eﬀect and
examines the potentially moderating role of learners’ initial
PEs. Generation tasks are demanding tasks that require the
recruitment of more cognitive capacities and deeper/more
elaborate processing to solve the tasks and overcome the
challenge. Thus, learners must exert more thinking, more time,
and more eﬀort to solve such tasks to reap their beneﬁts.
Hence, participants should be motivated and persistent, but
this is not automatically the case for every learner. Regarding
learner characteristics, PEs can lead to higher performance in
achievement tasks through more allocation of resources like
time, persistence, and eﬀort. Thus, higher PEs can be seen
as a ﬁt between the generation tasks and learners’ abilities
to cope with them. As mentioned above, a better ﬁt between
(cognitive) prerequisites of the task and (motivational-cognitive)
characteristics of the learner is important for the eﬀectiveness of
such diﬃculties. Learners with higher PE are potentially more
prone to exert and persist in more eﬀortful processing.
Due to the above theoretical and empirical arguments, we
propose the following hypotheses: (H1) We assume a two-way
interaction between the condition (problem-solving vs. workedexample) and time (immediate vs. delayed). Performances
in the worked-example condition should be higher in the
immediate test, while the performances beneﬁts of problemsolving should be apparent at the delayed test (time × condition).
We also suppose a two-way interaction between the condition
and PEs. (H2) Higher PEs should be more advantageous
when solving problems compared to reading worked-examples
(PE × condition). Since generation eﬀects are desirable
diﬃculties that often have greater delayed beneﬁts rather than
immediate beneﬁts, we can assume a three-way interaction of
condition × PE × time. (H3) The advantage of problem-solving
for higher PEs should be more pronounced later in the delayed
performance test rather than in the immediate test. Therefore,
we predict a three-way interaction of PEs, condition, and time
(PE × condition × time). We tested these hypotheses based on
students’ immediate and delayed performance (after 3 months)
using coherent curricular materials on linear functions in a
sample of eighth graders (advanced school track) and measuring
PEs prior to engaging in the learning task.
The present work also investigates the eﬀects of problemsolving and worked-examples on PEs after learning as a
competence-related form of metacognitive judgment. Since
problem-solving can aﬀect metacognitive assessments and
accuracy by decreasing competence illusions, the diﬃculty of
solving problems may challenge a learner’s initial performance
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MATERIALS AND METHODS
Participants and Design
Participants were children in the eighth grade of the secondary
school track recruited from a school located in a medium-sized
town in Germany. Written, full, informed consent was obtained
from the principals, teachers, parents, and children,1 which
resulted in an initial sample of N = 71. Not all participants were
present at the ﬁrst in-class session in school, nor at the second
in-class session 3 months later, resulting in nSession 1 = 68 (41
females) and nSession 2 = 64 (39 females). This led to n = 61 pupils
being present at both in-class sessions (32 in the worked-example
condition and 29 in the problem-solving condition; mean
1

This study was conducted in full accordance with the Ethical Guidelines of the
German Association of Psychologists (DGPs) and the American Psychological
Association (APA). This study was fully approved by the Ethics Committee
aﬃliated with the Hessian Ministry for the Science and the Arts (Yasar Karakas,
Hessisches Kultusministerium, Referat I.3.2, Luisenplatz 10, 65185 Wiesbaden,
Germany; Phone: +49 611 368 – 2734; E-mail: Yasar.Karakas@kultus.hessen.de).
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FIGURE 1 | Timeline and schematic design in-class Session Time 1. Gray-colored arrays denote the same procedures and materials for all participants; white arrays
show the differing procedures and materials according to the experimental manipulation. PE, performance expectancy; PT, problem set; EP, estimated performance;
thus PE1-PS1, performance expectancy measurement 1 for problem set 1; PE2-PS1, performance expectancy measurement 2 for problem set 1; PE3-PS1,
performance expectancy measurement 3 for problem set 1; PE1-PS2, performance expectancy measurement 1 for problem set 2; PE2-PS2, performance
expectancy measurement 2 for problem set 2; EP1-PS1, estimated performance for problem set 1; EP1-PS2, estimated performance for problem set 2.

age = 13.64 years, SD = 0.58). The participants were randomly
assigned to either the experimental condition (problem-solving)
or control condition (worked-examples). The randomization was
successful as the condition was not related to gender distributions
(8T1 = 0.10, p = 0.46) or to competence distributions indicated
by previous math grade (Spearman’s ρ = −0.14, p = 0.30;
M worked−example = 3.38 (∼C), SD = 1.04; M problem−solving = 3.03
(∼C), SD = 1.12; F(1,59) = 1.52, p = 0.22, η2p = 0.03), or
to previous knowledge (Point-biserial r = 0.05, p = 0.70;
M worked−example = 10.95, SD = 3.93; M problem−solving = 11.32,
SD = 3.48; F(1,59) = 0.15, p = 0.70, η2p = 0.00).2 Thus, pupils
in both conditions had similar prerequisites. The materials were
pre-tested and adapted in a (diﬀerent) sample of n = 30 eighth
graders prior to administration of the materials in their ﬁnal
form in the current sample. The study was a 2(condition: solving
vs. worked-examples) × 2(post-test time point: immediate vs.
delayed) design with condition as between-subjects factor and
post-test time-point as within-subjects factor. As a token of
appreciation at the end of the study, the children received sweets
and a small gift (puzzles) for their time and eﬀort.

based on number codes to allow subsequent matching of the
data in both in-class sessions. Data collection in all school classes
was conducted by the second author, supported by research
assistants. All materials were paper–pencil contained in folders.
All participants were allowed to use a calculator.

First In-Class Session
In class, participants were randomly re-seated. Multi-colored
maps veiled the study’s condition to the children. The color-code
also served to avoid having children with the same experimental
condition clustered together. After a brief welcome to the pupils,
all instructions were scripted, and all activities were timed.
Figure 1 shows the procedures schematically. After a short test
on participants’ previous knowledge (see Appendix Figure A1 in
Supplementary Material), participants received two explanatory
content pages (see Appendix Figure A2 in Supplementary
Material). All participants were instructed to read the contents
carefully, to try to comprehend them, and to keep in mind the
important information highlighted in bold, bright red. They were
told repeatedly that they would need the highlighted information
in these explanatory materials for the upcoming test.
Once participants had studied the explanatory materials in
their folders, they received a brief example of test problem set
1 (see Appendix Figure A3 in Supplementary Material). It had
the same surface structure as in the upcoming test. Due to that,
participants were asked to indicate their PEs for this problem
set (PE1-PS1). Subsequently, all participants received the correct
solution steps for this particularly presented example problem,
followed by a second assessment of their PEs (PE2-PS1).
The subsequent pages contained further problems of set 1,
yet these problems diﬀered for the participants depending on
the experimental condition they were in (see Figure 2). In the
worked-example condition, participants received these problems
with all correct solution steps worked out, accompanied by short
explanations of the steps; in the solving condition, participants
had to solve all problems by themselves, however, they could
refer to the previous materials (open-book). The instruction for

Procedures
Prior to the study, the teachers had brieﬂy introduced the
topic of linear functions to the children. The children were
novices and therefore they had very low previous knowledge.
The teachers were instructed to omit any exercises that would be
related to computing slopes and functions in their introductory
teachings. Furthermore, the teachers handed short questionnaires
to the children. They contained the measurements of multiple
personality variables (not relevant to the proposed hypotheses in
this paper but covered in another manuscript on the relationship
of personality and long-term performance in a surprise test) and
were collected by the researchers prior to the in-class session.
All obtained data from the participants were pseudonymized
2
The pupils were novices to linear functions. Most points in the previous
knowledge test were achieved based on recognizing the graphs of linear functions
(Appendix Figure A1 in Supplementary Material, task 2); not by the tasks 4–7.
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FIGURE 2 | Learning phase: manipulation problem set 1.
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participants in the worked-example condition read, “Please read
the correct solution steps thoroughly, try to comprehend them,
and learn them.” The instruction for the solving-condition read,
“Please try to solve all problems.” Participants in the solvingcondition were provided with the correct solutions for 2 min at
the end of this task, then all participants were asked a third time
to indicate their PEs for this problem set (PE3-PS1).
The next page contained an example of a new problem set
(problem set 2), which had a similar surface structure as in
the upcoming test (see Appendix Figure A4 in Supplementary
Material). Due to that, participants were asked to indicate
their PEs (PE1-PS2). Again, the following pages diﬀered for
participants depending on their experimental condition (see
Figure 3). In the worked-example condition, the correct solution
steps were displayed with some explanations. In the solving
conditions, the problem set had to be solved. Again, participants
in the solving condition could use the previous materials as
reference to help them solve the task, and they were provided with
the correct solution for 2 min. For all participants, the next page
contained the second PE measurement of problem set 2 (PE2PS2). A short survey with control questions (like perceived task
diﬃculty or invested eﬀort) concluded the learning phase prior
to the test phase (see Appendix B in Supplementary Material).
Participants started the test phase with seven new problems of
set 1 and 15 min time to solve them (see Appendix Figure A5
in Supplementary Material). Thereafter, participants had 30 s
to estimate how well they had just performed (PE4-PS1).
Participants then continued with new problems of set 2 and
10 min of time and afterward were asked once again to estimate
how well they had just performed (PE3-PS2). Once the test phase
was ﬁnished, they answered questions regarding their overall
learning and test experience and about their attitudes toward the
learning method.

in Supplementary Material), the ﬁrst page pointed out
similarities between a bijective mapping rule and the equation
of a positive linear function. Both forms, y = mx (through the
origin) and y = mx + b (shifted origin) were covered. The second
page contained new content for the participants: the logic behind
a slope and its formula for computation, the logic behind the
y-axis and the constant b, and the link to the equation of a linear
function. The materials of both problem sets in the learning phase
focused on positive linear functions through the origin. Both
test problems (see Appendix Figures A5, A6 in Supplementary
Material) required transfer to negative linear functions. Both
forms were required (y = mx; y = mx + b).

Problem Sets
Two coherent problem sets were chosen. Therefore, all following
measurements and manipulations had to be phrased for both
problem sets. For the analyses, like in any exam, one ﬁnal score
represented the test performance comprised of both problem sets.

Problem set 1
Problem set 1 required of the participants to (a) identify a line
based on two given points in a coordinate system; (b) derive the
functional equation; (c) compute the slope; (d) indicate whether
a new point lies on the same line; and (e) proof the answer
mathematically. Problem set 1 focused more on the execution of
arithmetic computational procedures based on abstract contents.

Problem set 2
Problem set 2 required (a) sketching of a graph into a coordinate
system; (b) ﬁnding a speciﬁc y-value in the graph; (c) explaining
what a slope is; (d) computing the slope; (e) deriving the
functional equation; and (f) computing a speciﬁc x-value.
Problem set 2 focused more on the application of arithmetic
formula to real-world contents.

Second In-Class Session

Performance Expectancies

Both in-class sessions were 3 months apart (see Figure 4 for
the schematic design of In-class Session 2). As in the previous
session, participants were randomly re-seated. Once participants
had opened their folders, they read that they would receive the
exact same set of test problems as in Session 1 (pupils did not
expect the second test). Yet, prior to the second test, they were
again asked to indicate their PEs for the test problem set 1 (PE5PS1) and for the test problem set 2 (PE3-PS2). Thereafter, pupils
had 15 min time for the test problems of set 1 and 10 min
time for the test problems of set 2. (Then, pupils had 20 min to
solve the new surprise test problems, which were irrelevant to the
hypothesis tested.) Session 2 concluded with a brief questionnaire
with control questions (e.g., whether they took the test seriously
and how much eﬀort they invested in solving the problems).
Finally, participants were thanked and dismissed.

PEs were assessed as task-speciﬁc and therefore measured
separately for each problem set (see Figure 1). After participants
were shown an exemplary test problem of set 1 (see Appendix
Figure A3 in Supplementary Material), three items recorded
their PEs. The ﬁrst item read, “How well do you think you will
perform in the upcoming test with this type of problems? Please
estimate which grade you will be able to achieve in a test with seven
test problems of this type.” The range is from 1 = very good [A]
to 6 = fail [F]). The second item read, “How many points of 35
total do you think you will be able to achieve in the upcoming test?”
The range is from 0 to 35. The third item read, “How many of the
seven test problems of this type do you think you will be able to solve
correctly in the upcoming test in 15-minutes of time?” The range is
from 1 to 7.3 PEs for problem set 2 were measured with two items
(see Appendix Figure A4 in Supplementary Material).

Materials and Measurements

3

Note that we included three questions to assess performance expectancies because
we were not sure about accuracy and variance of pupils’ judgments – whether
eighth graders would naturally judge their performance in expected grades, or
points, or number of test problems solved – and whether grade and number of
test problems solved would vary enough for meaningful analyses. Since the three
assessments were highly correlated and variances were highest for judgments in
points, we included the performance expectancies of points in the main analyses.
(Expected points also had the same metric as points achieved in both post-tests.)

Given the complexity of the materials, a few words on the
materials’ structure and logic is warranted. The materials
represented real curricular contents and were developed in
cooperation with subject didactics. The contents focused on
linear functions, speciﬁcally on computing slopes and deriving
equations. Of the explanatory material (see Appendix Figure A2
Frontiers in Psychology | www.frontiersin.org
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FIGURE 3 | Learning phase: manipulation problem set 2.
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provided. The instructions diﬀered accordingly: “Read, try to
comprehend, and learn them,” versus “work out the solution by
yourself.” Participants in the solving conditions received the
correct solutions to both problems for comparison.

Test Problems
The test problem sets had the same surface structure as the
problems sets in the learning phase but required transfer (the
problem sets for instance included only positive slopes and point
of origins in (0| 0), whereas the slopes in the test problems were
also negative and the points of origins could diﬀer). Appendix
Figures A5, A6 in Supplementary Material display all used test
problems. The same test problem sets were used in Sessions 1
and 2. Two independent raters coded pupils’ answers to the test
problems with high interrater-reliability (Session 1 r = 0.95 and
Session 2 r = 0.97). Any remaining discrepancies were discussed
and resolved. A total of 42 points could be achieved (with
35 points for problem set 1 and 7 points for problem set 2);
Cronbach’s α = 0.88 (immediate post-test), Cronbach’s α = 0.92
(delayed post-test).

FIGURE 4 | Timeline and schematic design in-class Session Time 2.
PE4-PS1, performance expectancy measurement 4 for problem set 1;
PE1-PS2, performance expectancy measurement 3 for problem set 2.

In the test phase, after completing each test problem set,
participants were asked to retrospectively estimate how well they
had performed. The item for one’s post-test PEs (problem set 1)
read, “How well do you think you performed with respect to the
previous test problems?” Possible answers included, “I think that
I achieved _______ (grade).”; “I think I solved ____ (number) of
seven problems correct”; “I think, I obtained ____ (points) of 35
points.” The item for one’s post-test PEs of set 2 mirrored the
items for problem set 1 (without the third item).

RESULTS
Performance by Learning Conditions
Across Post-tests
Exercising with worked-examples should be superior to problemsolving with respect to an immediate performance, but inferior to
problem-solving in a later performance test (H1; see Table 1 for
descriptive statistics). An rANOVA with time as within-subject
factor and condition as between-subject factor (0 = workedexamples, 1 = problem-solving) tested this proposition. We found
a main eﬀect of time, F(1,59) = 9.34, p = 0.003, MD = −2.31,
SE = 0.75, 95% CI [−3.81, −0.80], η2p = 0.14, which means that
the overall performance worsened by about 2 points. We found
no main eﬀect of condition, F(1,59) = 2.57, p = 0.11, MD = 2.43,
SE = 1.52, η2p = 0.04, 95% CI [−0.60, 5.47], only descriptively
performances in the problem-solving condition (M = 15.75,
SE = 1.10, 95% CI [13.55, 17.94]) was 2.43 points higher than in

Experimental Manipulation
Figures 2, 3 illustrate the diﬀerence between both experimental
conditions in the learning phase. In the Solving Condition,
seven diﬀerent problems of set 1 had to be solved. In the
Worked-Example Condition, the same seven problems were
presented along with their correct solutions, and along with each
step necessary to solve the problem correctly (including short
explanations). Likewise, in the Solving Condition, problem set
2 had to be solved by working alone, while in the workedexample condition the solutions and step-by-step guidance were
TABLE 1 | Descriptive statistics of the central variables.
Variable

Condition
Worked-examples
95% CI

M(SD)

Problem-solving
M(SD)

95% CI

In-class Session 1
Initial performance expectancy in points4

23.20 (7.94)

[20.27; 25.98]

18.87 (10.09)

[15.30; 22.35]

Test performance in points

14.13 (5.30)

[12.39; 16.08]

17.24 (6.85)

[15.07; 19.69]

12.50 (6.58)

[10.49; 14.90]

14.25 (7.62)

[11.81; 16.93]

In-class Session 2
Test performance in points

95% CI is based on bootstrapping with 1000 samples. All initial performance expectancies and both post-test points ranged from 0 to 42 points. 4 When Initial performance
expectancy is computed as mean of PS1-PE1 and PS1-PE2, summed with PS2-PE1 (that is with the initial performance expectancy after receiving an example solution
averaged), the values are similar, M = 23.54, SD = 8.01, 95% CI [20.70, 26.19]. Performance expectancies prior and after seeing the example solution (PS1-PE1 and
PS1-PE2) are not statistically different in both groups (Worked example: t(31) = −0.97, p = 0.34, MD = −0.67, SD = 3.91, 95% CI [−2.08, 0.74], dCohen = 0.09; Problem
solving: t(28) = −1.45, p = 0.16, MD = −1.17, SD = 4.37, 95% CI [−2.83, 0.49], dCohen = 0.13).
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η2p = 0.19, a main eﬀect of initial performance expectancy,
F(1,57) = 19.83, p < 0.001, η2p = 0.26, and a main eﬀect of
condition, F(1,57) = 8.17, MD = 3.89, SE = 1.36, p = 0.006,
95% CI [1.17, 6.52], η2p = 0.13. Again, we did not obtain the
expected interaction of time and condition (H1), F(1,57) = 0.24,
p = 0.62, MD = −0.73, SE = 1.48, 95% CI [−3.70, 2.24],
η2p = 0.00. We found no convincing evidence for an interaction
of initial performance expectancy and time, F(1,57) = 3.62,
p = 0.06, η2p = 0.06, and we did not ﬁnd the predicted
interaction of initial performance expectancy and condition (H2),
F(1,57) = 0.08, p = 0.93, η2p = 0.00; nevertheless, the postulated
three-way interaction of time, initial performance expectancy,
and condition was signiﬁcant (H3), F(1,57) = 5.30, p = 0.025,
B = −3.50, SE = 1.52, 95% CI [6.54, 0.46], η2p = 0.09.5
To understand these ﬁndings, we ﬁrst attend to the adjusted
main eﬀects (for pupils with average initial PEs), which can be
interpreted as performance decreases across time by about 2.5
points. The higher the initial PEs, the better pupils performed,
and the overall performance in the problem-solving condition
was about 4 points higher than in the worked-example condition.
Note that the main eﬀects of time and condition are the adjusted
eﬀects under consideration of initial PEs and thus represent
the eﬀects for an average level of initial PEs. The middle of
Figures 5–7 illustrates these time and condition eﬀects. More
speciﬁcally (and given an average level of initial PE), in the
immediate post-test, pupils in the problem-solving condition
achieved 4.26 point more than those in the worked-example
condition, MD = 4.26, SE = 1.47, p = 0.005, 95% CI [1.31,
7.19], Cohen’s d = 0.76, which amounted to a 3.52 point

the worked-examples condition (M = 13.31, SE = 1.05, 95% CI
[11.22, 15.41]). We obtained no interaction of time × condition,
F[1, 59] = 0.83, p = 0.37, B = −1.37, SE = 1.51, 95% CI [−4.39,
1.6], η2p = 0.01. Thus, there is no support for the proposed 2-way
interaction of condition and time (H1).4

Performance by Learning Conditions
Across Post-tests Moderated by
Performance Expectancies
The following analyses scrutinize whether the eﬀectivity of both
learning conditions diﬀered as a function of post-test time point
and (standardized) initial PEs (sum of PS1-PE1 and PS2-PE1).
We examined whether learning with problem-solving was better
for pupils with higher PEs (H2), especially in the long run (H3).
All tests are reported two-tailed; the follow-up analyses as mean
comparisons are conducted within the subsequent model and,
if necessary, considered for higher (+1SD) and lower (−1SD)
levels of standardized initial PEs and complemented by regions
of signiﬁcance (Johnson-Neyman technique; determined with
PROCESS, Hayes, 2018).
We conducted repeated measures analyses of variance with
time as within-subjects variable, condition as between-subjects
variable (0 = worked-examples, 1 = problem-solving), and the
standardized initial performance expectancy as a continuous
moderator (cf. Judd et al., 2001) to specify the two-way
and three-way interactions. We were predicting a two-way
interaction of time × condition (H1), a two-way interaction of
condition × initial performance expectancy (H2), as well as a
three-way interaction of time × condition × initial performance
expectancy (H3).
The results show a main eﬀect of time, F(1,57) = 13.26,
p < 0.001, MD = −2.70, SE = 0.74, 95% CI [−4.19, −1.22],

5

The results are the same when including (standardized) previous knowledge or
math grade in the model. Thus, both previous knowledge and previous math grade,
that correlate with performance expectancies and post-test performance, can be
ruled out as alternative explanations. The results are also similar when computing
the model with initial performance expectancies as mean of PS1-PE1 and PS1-PE2,
summed with PS2-PE1.

4
The results are the same when including (standardized) previous knowledge or
math grade in the model.

FIGURE 5 | Immediate post-test scores for both learning conditions at different levels of initial performance expectancies. WEX, worked-examples (0), n = 32; PBS,
problem-solving (1), n = 28. Error bars represent the standard error of the mean [WEX: 1.73 (–1SD), 1.02 (Mean), 1.33 (+1SD); PBS: 1.26 (–1SD), 1.06 (Mean), 1.58
(+1SD)]. Performance expectancies (standardized) are depicted for lower, medium, and higher levels. Post-test scores could range from 0 to 42.
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FIGURE 6 | Delayed post-test scores for both learning conditions at different levels of initial performance expectancies. WEX, worked-examples (0), n = 32; PBS,
problem-solving (1), n = 29. Error bars represent the standard error of the mean [WEX: 1.91 (–1SD), 1.13 (Mean), 1.48 (+1SD); PBS: 1.40 (–1SD), 1.17 (Mean), 1.75
(+1SD)]. Performance expectancies (standardized) are depicted for lower, medium, and higher levels. Post-test scores could range from 0 to 42.

FIGURE 7 | Performance changes across both post-test by learning condition and initial performance expectancies. Change scores on the y-axis were computed
by subtracting the delayed post-test scores from the immediate post-test scores: Zero means no change, negative values mean performance loss, and positive
values mean performance gains. The x-axis anchors these changes for both learning conditions (WEX, worked-example (0), n = 32; PBS, problem-solving (1),
n = 29) for lower, medium, and higher levels of performance expectancies. Error bars represent the standard error of the mean [WEX: 1.74 (–1SD), 1.03 (Mean), 1.35
(+1SD); PBS: 1.27 (–1SD), 1.07 (Mean), 1.60 (+1SD)].

advantage in the delayed post-test, MD = 3.52, SE = 1.63,
p = 0.034, 95% CI [0.27, 6.78], Cohen’s d = 0.56. The lack
of support for the time × condition interaction is due to
statistically similar performance decline over time in both
learning conditions, MD = −0.73, SE = 1.48, 95% CI [−3.70,
2.23], Cohen’s d = −0.13. In the worked-example condition,
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post-test performance decreased about 2.5 points over time,
MD = −2.33, SE = 1.03, 95% CI [−4.39, −0.28], Cohen’s
d = −0.39, but about 3 points in the problem-solving condition
MD = −3.07, SE = 1.07, 95% CI [−5.21, −0.92], Cohen’s
d = −0.52. When decomposing the three-way interaction in
terms of the two-way interaction of PEs × condition for the
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Descriptively, this is due to less pronounced performance
declines over time for problem-solving in contrast to workedexamples, although the rates of performance decline are
statistically not diﬀerent.

immediate post-test and the delayed post-test, neither of the twoway interactions was signiﬁcant (Immediate Post-test: B = −1.87,
SE = 1.51, t(57) = −1.25, p = 0.22, 95% CI [−4.89, 1.14] η2p = 0.03;
Delayed Post-test: B = 1.62, SE = 1.67, t(57) = 0.98, p = 0.33,
95% CI [−1.71, 4.96], η2p = 0.02. This is no surprise, as there
was no overall PEs × condition eﬀect. However, when looking at
the beta-values for the 2-way interaction, their opposite algebraic
sign is noticeable, showing a cross-over. As such, the three-way
interaction is a result of this cross-over eﬀect pattern.
In the immediate post-test (see Figure 5), the learning
conditions did not diﬀer for lower levels (−1SD) of initial PEs,
MD = 2.38, SE = 2.14, p = 0.27, 95% CI [−1.89, 6.66], Cohen’s
d = 0.29 but did so for higher levels (+1SD), MD = 6.13, SE = 2.07,
p = 0.004, 95% CI [1.98, 10.27], Cohen’s d = 0.77. As such,
problem-solving was beneﬁcial for pupils with higher initial PEs
in the immediate post-test.
This pattern reverses for the delayed post-test (see Figure 6):
For lower initial PEs, problem-solving outperformed workedexamples, MD = 5.15, SE = 2.37, p = 0.034, 95% CI [0.41,
9.89], Cohen’s d = 0.56, but there was no diﬀerence for higher
levels, MD = 1.90, SE = 2.30, p = 0.41, 95% CI [−2.68, 6.48],
Cohen’s d = 0.22.
Now we will look at the change in post-test performance over
time (see Figure 7). Those with lower initial PEs in the workedexample condition showed a signiﬁcant performance decline,
MD = −5.53, SE = 1.74, p = 0.002, 95% CI [−9.19, −2.04],
Cohen’s d = −0.55, as did those in the problem-solving condition,
MD = −2.76, SE = 1.27, p = 0.034, 95% CI [−5.31, −0.21],
Cohen’s d = −0.39. Although the performance decline in the
problem-solving condition appears less pronounced, statistically
both are comparable, MD = −2.77, SE = 2.16, p = 0.21, 95% CI
[−1.55, 7.09], Cohens’ d = 0.33.
For higher levels of initial PEs, those in the worked-example
condition showed a comparable performance, MD = −0.86,
SE = 1.35, p = 0.53, 95% CI [−1.84, 3.56], Cohen’s d = 0.11, while
the performance declined in the problem-solving condition,
MD = −3.37, SE = 1.59, p = 0.039, 95% CI [−6.57, −0.17],
Cohen’s d = −0.38. These slopes in performance change were
statistically signiﬁcant, MD = −4.23, SE = 2.01, p = 0.047, 95%
CI [−8.41, −0.05], Cohens’ d = −0.53.
The Johnson-Neyman region of signiﬁcance for the moderator
(PROCESS, Hayes, 2018): PEs had a signiﬁcant eﬀect on changes
in performance scores across both post-tests for all pupils with a
(standardized) PE score of greater than 0.96.
These ﬁndings can be interpreted in the following way: For
pupils with higher PEs, problem-solving in contrast to workedexamples was more beneﬁcial resulting in an initial performance
advantage. However, this early performance advantage could not
be maintained in the delayed test (that is, 3 months later). The
decline in performance represents the greater performance losses
for higher PEs in the problem-solving condition in contrast
to the worked-example condition, where performance across
time was stable.
For those with lower PEs, immediate performance was not
enhanced diﬀerently from either learning condition, but pupils
who had learned with problem-solving showed higher delayed
test scores than pupils who had learned with worked-examples.
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Later Performance Expectancies Over
Time as Metacognitive Assessments
We argued that problem-solving may inﬂuence the resulting
metacognitive PEs after learning and testing by reducing
overconﬁdence, predicting an interaction of time × condition
(H4). For the analyses (see Figure 8), we averaged the PEs
(in points) measured after presenting the example test problem
of type 1 and its solution (PE1-PS1, PE2-PS1). We summed
up this value with the PEs of example test problem type 2
(PE1-PS2). The resulting value represents the PEs in points
(from 0 to 42) before both problem types had been worked on
diﬀerently due to the experimental conditions (that is, PEs prior
to learning).6 We also summed up the PEs after learning with
problem-type 1 and problem-type 2 (PE3-PS1, PE2-PS2; that is,
PEs after learning). The same applies to the sum score of the
post-test PEs for problem set 1 and problem set 2 after the ﬁrst
performance post-test (PE4-PS1, PE3-PS2 – that is, PEs after the
immediate post-test at Session 1). At Session 2 and prior to the
delayed performance test, the PEs for both problem types were
summed up as well (PE5-PS1, PE4-PS2; that is, PEs prior the
delayed post-test).
We subjected these indices of PEs to a repeated measures
analysis of variance with condition as between-subject factor
(2 levels: 0 = worked-example, 1 = problem-solving) and PEs
(4 levels: prior to learning, after learning, after Test 1, prior
Test 2) as within-subject variable (see Figure 8). Since the
sphericity assumption was not met, we report the GreenhouseGeisser-corrected p-values and degrees of freedom. This yielded
a signiﬁcant eﬀect of time, F(2.28, 129.91) = 13.41, p < 0.001,
η2p = 0.19, but neither oﬀered convincing evidence for a condition
6

The results are similar when using merely the sum of PE1-PS1 and PE1-PS2 as
initial performance expectancies.

FIGURE 8 | Change in performance expectancies by learning conditions.
Error bars represent the standard error of the mean. Values could range from
expecting 0 points to 42 points in the performance tests.
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FIGURE 9 | Main effect of calibration accuracy. Error bars represent the standard error of the mean.

eﬀect, F(1,57) = 3.02, p = 0.088, η2p = 0.05, nor for the predicted
interaction eﬀect (H4), F(2.28, 129.91) = 2.61, p = 0.07, η2p = 0.04.
We found little convincing support for H4. A reduction of
PEs (and learner’s competence illusion) was only apparent as
gradual change across assessment times (see Figure 8); with
pre-existing diﬀerences (albeit non-signiﬁcant) in the workedexample condition compared to the problem-solving condition.
Thus, these results should be taken with caution.

was more accurate, M = 1.01, SE = 1.40, 95% CI [−1.80,
3.81]. Note that the calibration score of the problem-solving
group is closer to 0, which denotes more accurate calibration,
whereas a score of 7.79 in the worked-example group represents
a diﬀerence of about 8 points between expectation and actual
test scores.
We further found a main eﬀect of calibration (reported
with Greenhouse-Geisser correction), F(2.32,132.45) = 10.84,
p < 0.001, η2p = 0.16 (see Figure 9). Simple comparisons
(Bonferroni-corrected) showed a signiﬁcant diﬀerence of
calibration prior to learning and calibration after the immediate
post-test (M = 0.83, SE = 1.12), MD = 4.86, SE = 1.04, p < 0.001,
95% CI [2.01, 7.71] and a signiﬁcant diﬀerence of calibration
after learning and calibration after the immediate post-test,
MD = 6.11, SE = 1.06, p < 0.001, 95% CI [3.20, 9.01]. This
means calibration after the immediate post-test was more
accurate than prior to and after learning. All other comparisons
were not signiﬁcant, all ps > 0.15. Finally, we did not ﬁnd
the expected interaction eﬀect of calibration × condition,
F(2.32,132.43) = 2.17, p = 0.11, 95% CI [2.99, 10.73], η2p = 0.04.
Overall this pattern indicates that the calibration in the problemsolving condition was more accurate than in the worked-example
condition in general (but not as a consequence of the learning
conditions or tests over time), and that calibration after the
immediate test was more accurate than PEs prior to both tests.
This pattern of results partially supports (H5). Overall calibration
in the problem-solving condition was more accurate as in the
worked-example condition showing overconﬁdence. However,
due to the pre-existing diﬀerences (albeit non-signiﬁcant) in
initial PEs in the worked-example condition compared to the
problem-solving condition (see Figure 8), the interpretation
of the results on calibration due to overconﬁdence reduction

Calibration (Metacognitive Accuracy)
To obtain calibration (diﬀerence of predicted and actual test
scores), we used the PEs (previously discussed in Figure 8)
and the actual test scores: We computed a diﬀerence score of
PEs prior to learning and immediate post-test performance; a
diﬀerence score of PEs after learning and immediate post-test
performance; a diﬀerence score of PEs after the immediate posttest and actual test performance in the immediate post-test; and,
a diﬀerence score of later PEs prior the delayed post-test and
actual performance in the delayed post-test. (Note, positive values
denote overconﬁdence and negative ones underconﬁdence; Bugg
and McDaniel, 2012).
Using these calibration values as dependent variables (withinsubjects; 4 levels: calibration prior to learning, calibration after
learning, calibration after the immediate post-test, calibration
prior to the delayed post-test) and condition as independent
variable (between-subjects) in an rANOVA yielded a main
eﬀect of condition, F(1,57) = 12.32, MD = −6.78, SE = 1.93,
p < 0.001, 95% CI [−10.65, −2.91], η2p = 0.18. Pupils in the
worked-example group showed less accurate calibration and
more overconﬁdence, M = 7.79, SE = 1.33, 95% CI [5.12,
10.45], while pupils’ calibrations in the problem-solving group
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is not routed in strong empirical evidence and should be
taken with caution.

long-term; this could be due to the long delay between learning
and the delayed test (this will be further discussed below).
The three-way interaction (PEs × time × condition) showed
that participants with higher PEs in the problem-solving
condition performed better in the immediate test, whereas
participants with lower PEs in the problem-solving condition
performed better in the delayed test. Unfortunately, higher PEs
could not maintain this initial performance advantage in the
problem-solving condition over time. Although participants with
higher expectancies immediately proﬁted from generation tasks,
those with lower PEs also beneﬁted from diﬃcult tasks in the
long run. Thus, as inquired in the beginning, it is not strange to
trouble a learner who has lower PEs with hindered learning tasks.
This is in line with the assumptions that desirable diﬃculties
may be advantageous for learners with lower abilities or cognitive
motivation (e.g., McDaniel et al., 2002; Schindler et al., 2019). It
is important to note that these diﬃculties do not boost weaker
learners’ performances to the level of stronger learners, but
these diﬃculties prevent greater performance losses for weaker
learners over time.
Overall, learners beneﬁted in diﬀerent manners from desirable
diﬃculties. This ﬁts previous work that was able to identify
moderators (e.g., feedback, mood, previous knowledge, reading
skills; e.g., McNamara et al., 1996; McDaniel et al., 2002; Bertsch
et al., 2007; Schindler et al., 2017). The present ﬁndings also
emphasize the importance of moderators for the eﬀectiveness of
generation activities.
When considering the eﬀects of a generation activity on
metacognitions, the results have to be taken with caution. A mere
trend shows a gradual decrease in PEs in the problem-solving
condition in contrast to the worked-examples condition over
time (in which overconﬁdent PEs did not change; H4); and
a trend shows a pre-existing diﬀerence in PEs. The results
show no convincing support for a learning event and timedriven overconﬁdence reduction (H4). Regarding our ﬁfth
hypotheses, our results showed a main eﬀect of condition with
greater metacognitive accuracy in the problem-solving condition
than in the worked-examples condition (H5). Thus, calibration
accuracy (the diﬀerence between expected performance and
actual performance) was more precise for participants in the
problem-solving condition in contrast to participants in the
worked-examples condition. Yet, this interpretation is not routed
in strong empirical evidence and should be taken with caution.
These ﬁndings only hint that the problem-solving task may
have led to a more realistic understanding of learners’ current
competences and thus reduced participants’ competence illusion
(e.g., Karpicke et al., 2009; Diemand-Yauman et al., 2011; Baars
et al., 2014). Given the important role of accurate metacognitions
for the regulation of learning (e.g., Dunlosky and Lipko, 2007),
these ﬁndings nevertheless hint at the value of problem-solving.
The current study is not without some limitations, which
will be discussed in the following section and which could be
optimized in future work. We designed our study with realworld materials that were integrated within curricular content
and natural math lesson progression. Although we coordinated
with the teachers on what content was covered prior to
our experimental session (introduction of the topic but no

DISCUSSION
Our work examined learners’ PEs prior to learning as moderators
for the eﬀectiveness of diﬀerent learning tasks (a special
type of problem-solving vs. worked-examples) on immediate
and delayed performance. The experiment was conducted in
school and used curricular mathematical materials for learning.
We assumed that the problem-solving condition would be
superior to the worked-examples condition in the delayed
post-test (time × condition; H1) and that problem-solving
opposed to worked-examples are more beneﬁcial for higher
PEs (condition × PEs; H2). We further supposed that the
moderating eﬀect of PEs in the problem-solving condition would
arise particularly in the delayed test (time × condition × PEs;
H3). Moreover, we predicted an interaction eﬀect of condition
and time on metacognitive judgments of PEs measured after
learning and testing (H4). Participants in the problem-solving
condition (in comparison to participants in the worked-examples
condition) should lower their PEs regarding the later test
outcome after experiencing the diﬃcult learning task (reduction
of competence illusion). Finally, we also assumed that calibration
accuracy (the diﬀerence between expected performance and
actual performance) should be more precise for problem-solvers
in contrast to participants in the worked-examples condition
(H5). Participants in the worked-example condition probably
maintain a competence misconception and thereby may have
stronger diﬀerences between their expected and their actual
performance. Thus, we expected initial PEs to be a moderator for
learning performance and condition to be a moderator for later
PEs, thus aﬀecting metacognitive accuracy.
Our ﬁndings showed only a descriptive advantage of the
problem-solving condition on the delayed learning performance
(H1) and no two-way interaction of PEs and the condition
(H2). However, taking into account prior PEs, we obtained a
beneﬁcial adjusted main eﬀect of the problem-solving condition
for participants with average PEs. Thus, problem-solving can
be advantageous for certain learners. This is in line with the
assumptions that PEs are only related to diﬃcult (and not
easy) tasks (like problem-solving) because diﬃcult tasks require
more eﬀort, time, motivation, and persistence (e.g., Marshall and
Brown, 2004; Reinhard and Dickhäuser, 2009). The obtained
moderation supports the notion that learner characteristics are
important for the eﬀectiveness of desirable diﬃculties (e.g.,
McDaniel and Butler, 2011). For pupils with lower and average
PEs, the problem-solving condition was more advantageous
later on, while for higher PEs both learning conditions were
equal at a delay. This is partly in line with the assumptions
that the beneﬁcial eﬀects of generation tasks arise in the long
run (e.g., Bjork and Bjork, 1992, 2011; Bjork, 1994): There
was no signiﬁcant interaction between time and condition, and
only the consideration of initial PEs unveiled favorable eﬀects
at a delay. Without taking into account PEs, performance in
the problem-solving condition was only descriptively better
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calculations), we had no control over actual implementations
(although there were no diﬀerences in previous knowledge across
both conditions). Moreover, after the ﬁrst experimental inclass session, we had no control over any further progression
of the lessons’ content, over homework or over subsequent
topics, prior to the delayed test of Session 2. The teachers
knew about the delayed test and were instructed not to
repeat any content; however, we do not know what additional
content with potential overlap was taught in the interim
between Session 1 and Session 2, and/or what pupils learned
in the meantime. Thus, although classroom studies are very
important regarding work focusing on learning success, there
are also many confounding factors that are not controllable,
which presents a limitation. Performance in general was
rather low, thus it would be interesting to extend the
instructional units.
Another limitation relates to the fact that the tests in
Sessions 1 and 2 were identical, thus the testing-eﬀect may
have played a role regarding learners’ performance, although
likely not much given the 3-month delay. To avoid this, future
studies may include one group tested immediately and another
group only tested at a delay. In addition, our worked-examples
included detailed explanations, so it may be that learners did
not have to indulge in self-explanations (which can trigger the
positive eﬀects of worked-examples; e.g., Renkl et al., 1998).
Hence, future research could use materials that require selfexplanations. In line with this, it could also be that our problemsolving condition was superior to the worked-example condition
not because of the generation task but because participants
were presented with a shortened worked-example before the
generation activity (see e.g., Paas, 1992), as well as brieﬂy
with the correct answers after the generation, and feedback is
important for the eﬀectivity (e.g., Slamecka and Fevreiski, 1983;
Pashler et al., 2005; Kang et al., 2007; Metcalfe and Kornell,
2007; Potts and Shanks, 2014; Metcalfe, 2017). Thus, future
studies could use diﬀerent incantations of problem-solving tasks
or worked-examples, all in the attempt to generalize ﬁndings
and to try to optimize possible limitations due to our applied
learning tasks. In line with this, in the applied problem-solving
tasks students were able to look back at the explanations and
introduction of the material given in the beginning (open book
solving task). Although this, as well as later given feedback
sheet regarding correct answers for the generation tasks, may
have been beneﬁcial, it is unclear to what extent students even
used these aids. Some students may have never looked at the
previous learning materials, whereas others may have relied on
them often; some may have contemplated the correct solution
steps after ﬁnding out a discrepancy in their results and the
result provided on the answer sheet, others may have not.
Although this is a typical occurrence in schools, future work
could also try to manipulate how many times learners are able
to look back at previously studied materials. Previous work
also often implemented problem-solving tasks after workedexamples, thus combining these two strategies. In contrast,
we compared sole problem-solving tasks and sole studying of
worked-examples (both following a short introduction of the
materials), so our methods are not completely in line with some of
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the above-mentioned literature. Future studies could thus explore
the relation of PEs, problem solving following worked-examples,
and long-time learning success.
A further, and possibly confounding or negative, aspect
concerns the lag between post-test one and post-test two,
which we set at 3 months. The 3-month lag taps into longterm learning but may have been too long given the overall
low performance. Future research may include a shorter lag
of only a few weeks. However, the choice of 3 months was
implemented because we wanted to make sure that all teachers
had ﬁnished the section on linear functions; naturally, the length
of time dedicated to a topic depends on the teachers and on the
class (in other words, some classes progress more quickly than
others), which we cannot inﬂuence due to the ﬁeld character
of our study. In our case, we aimed for a comparable lag
and for all teachers to have started new content so that the
end-of-topic exam on linear functions did not coincidentally
occur in temporal proximity to our delayed test. It would be
valuable for future research to coordinate with teachers’ planned
exam at the end of the session to include mutually agreedupon exam questions that would also serve as a delayed test.
One related problem/aspect of that strategy (and our research)
would be that any previous one-time intervention may be too
weak to detect diﬀerences in delayed exam performance as it
may be overshadowed by teachers’ and students’ own exam
preparations (which we cannot control). Relatedly, a singleintervention study may have to be paired with a shorter lag, or
multiple controlled interventions are required for longer lags.
The diﬃculty here lies in the willingness of the teachers and
parents to participate, given real-world constraints and concerns
that these interventions could disrupt the classes and take away
valuable teaching time. Future research may also conceptualize a
paradigm in which trained teachers take over teaching for one
to 3 weeks, with multiple, ongoing experimental interventions
that conclude with a graded interim exam as a delayed test.
This may present the challenge of ﬁnding willing institutions,
teachers, and/or parents.
To thoroughly test moderators, larger samples are needed
(which is often diﬃcult to obtain in school contexts). Of course,
our ﬁndings can be interpreted only for German students within
the same age-range, the same educational school track, and for
the same learning materials (and very strictly seen, only for this
school). Due to that, future work using bigger and more diverse
samples (as well as diﬀerent materials) is important. The same
applies to learners with diﬀerent levels of previous knowledge:
Future studies could use more known topics, assess previous
knowledge, and include this factor in the analyses. To gain
access to more participants, another option for future research
may include extracurricular learning environments (e.g., instead
of homework), which could be implemented either online or
onsite. For instance, a study could deploy carefully designed
learning modules on selected (additional) curricular content
that is not part of current class curriculum within a given
school year; this might allow the implementation of thorough
experimental designs while proving attractive to learners and
teachers as a supplemental training learning environment. All
in all, as pointed out by Dunlosky et al. (2013), future research
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may attend in general more to an investigation of moderators of
various desirable diﬃculties (e.g., previous knowledge, diﬀerent
skill levels) because their roles are still less known.
We should note that previous work often focused on the
eﬀectiveness of generation tasks regarding recall and/or memory
of learned information through later tests assessing the same
or similar information, but our tests mostly assessed transfer
(instead of identical information). Thus, the underlying eﬀects
of the learning conditions could be diﬀerent (e.g., Glogger-Frey
et al., 2015). Prior research regarding transfer and intentionally
aggravated learning tasks resulted in varying ﬁndings: Some
studies found beneﬁcial eﬀects of desirable diﬃculties solely for
identical or easy information but not for transfer (e.g., Lehmann
et al., 2016) or that worked examples were more important for
transfer (e.g., Glogger-Frey et al., 2015). In contrast, some studies
found beneﬁcial eﬀects of desirable diﬃculties also for changed
materials and transfer (see e.g., Dunlosky et al., 2013 for a good
overview). Thus, future studies could implement transfer as well
as identical questions.
As mentioned above, generation tasks reduce learners’
competence illusion and overconﬁdence, thus participants in the
problem-solving condition should be able to more accurately
calibrate their PEs than do participants in the worked-example
condition, who could still possess overconﬁdent expectancies.
Our ﬁndings only hint at this relationship. Participants’ PEs
appeared to diﬀer between the conditions before the learning
tasks even started. This does not have to be an indicator
that the randomization of our sample failed but could rather
indicate that participants (unbeknown be us) checked the tasks
and their condition by looking at the materials prior to the
learning task, which serves as a limitation. Hence, their initial
PEs could have been inﬂuenced by participants’ knowledge of the
upcoming learning tasks.

research exploring the eﬀectiveness of problem-solving tasks or
moderators are still needed. Thus, we underscore the value of
longitudinal studies or studies using multiple learning phases as
well as multiple learning success assessments for evidence-driven
educational recommendations.
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Intelligence is an important predictor of long-term learning and academic achievement. In two studies we focused
on the relation among intelligence, desirable diﬃculties–active generation/production of information and taking
tests–, and long-term learning. We hypothesized that intelligence is positively correlated to long-term learning and
that diﬃcult learning situations, as opposed to easier reading, increase later long-term learning. We further assumed that the beneﬁcial eﬀects of diﬃcult learning would be moderated by intelligence, thus, we supposed the
positive eﬀects to be stronger for learners with higher intelligence and weaker for learners with lower intelligence.
We in turn conducted two experiments (N1 = 149, N2 = 176, respectively), measured participants' intelligence,
applied desirable diﬃculties–generation/testing–in contrast to control tasks, and later assessed long-term learning
indicated by delayed ﬁnal test performance. Both studies showed positive correlations between intelligence and
later long-term learning. Study 2 further found the expected beneﬁcial eﬀect of diﬃcult learning, which was also
moderated by intelligence. There was no diﬀerence between diﬃcult tasks and control tasks for participants with
relatively low intelligence. Retrieving answers in learning tests was, however, beneﬁcial for participants with
average intelligence and even more beneﬁcial for participants with higher intelligence. In general, our two experiments highlight the importance of intelligence for complex and challenging learning tasks that are supposed to
stimulate deeper encoding and more cognitive processing. Thus, speciﬁcally learners with higher, or at least
average, intelligence should be confronted with diﬃculties to increase long-term learning and test performance.

1. Introduction

et al., 2015; Stadler, Becker, Gödker, Leutner, & Greiﬀ, 2015). Furthermore, many studies found intelligence to be strongly and positively correlated to long-term learning and academic achievement, and it is often
cited as one of the strongest predictors of long-term learning and academic
achievement. This includes varying measures of learning outcomes in laboratories and classrooms, like ﬁnal test performance or memory outcomes, as well as varying measures of academic success like grades, gained
school qualiﬁcations, or probabilities of gaining university degrees (e.g.,
Bornstein, Hahn, & Wolke, 2013; Fergusson et al., 2005; Kuncel et al.,
2004; Stern, 2015; Strenze, 2007; Roth et al., 2015; for an overview of
multiple meta-analyses regarding intelligence and diﬀerent operationalizations of success, including long-term learning and academic
achievement, see Strenze, 2015).
For instance, Fergusson et al. (2005) showed in a longitudinal study
spanning 25 years that children's intelligence assessed in middle
childhood signiﬁcantly predicted individuals' later probability of
gaining school qualiﬁcations, post-school educational/vocational qualiﬁcations, and university degrees. Higher intelligence was thus consistently linked to higher academic achievement, even controlling for

Intelligence is often deﬁned as a mental ability that includes information processing, understanding of complex ideas, logical or analytical reasoning, problem solving, remembering information, acquiring
knowledge and skills, eﬃciently dealing with novel tasks, and an ability to
learn (e.g., Snyderman & Rothman, 1987; Stern, 2015; Sternberg, 1997). A
variety of theories and paradigms explaining intelligence highlight the
importance of a general mental ability or a general intelligence factor (g)
for such cognitive processes and learning (e.g., Jäger, 1982; Spearman,
1904, 1939). Intelligence has repeatedly been shown to impact almost all
aspects of daily life and was able to predict a broad array of successful
human behaviors, performances, and outcomes, including increased
creativity, elevated potential, improved health, better job performance,
higher income, and longer employment (e.g., Fergusson, Horwood, &
Ridder, 2005; Kuncel, Hezlett, & Ones, 2004; Strenze, 2007). Intelligence
is further linked to an ability to solve complex problems, and is especially
valuable regarding complex tasks, complex information processing, or
complex situations (e.g., Gottfredson, 1997; Kuncel et al., 2004; Roth
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Rawson, Marsh, Nathan, & Willingham, 2013; Rowland, 2014). Moreover, generation and testing are assumed to lead to more analytic and
elaborative reasoning/thinking, more retrieval practice, more memory
consolidation, more elaboration, and the allocation of more resources
regarding cognition, eﬀort, and time (e.g., Bjork, 1994; Bjork & Bjork,
1992, 2011; Dunlosky et al., 2013; Rowland, 2014). They are further
supposed to strengthen memory paths, traces, associations, and the relation between stimulus and response, to help anchor the learned information in long-term memory, and to connect the retrieved information with information already stored in memory (see also lexical
activation; e.g., Bjork & Bjork, 1992, 2011; Carpenter, 2009; Fiorella &
Mayer, 2016; Gardiner & Hampton, 1985; Hirshman & Bjork, 1988).
Moreover, the positive eﬀects of desirable diﬃculties are higher with
increased eﬀort, quality, intensity, depth, and diﬃculty of retrieval (e.g.,
Alter, Oppenheimer, Epley, & Eyre, 2007; Bjork & Bjork, 1992; Pyc &
Rawson, 2009; Rowland, 2014; Tyler, Hertel, McCallum, & Ellis, 1979).
Researchers often highlight the importance of diﬀerent moderators,
fulﬁlled requirements, or special learner characteristics, like cognitive
abilities, for the eﬀectiveness of such desirable diﬃculties (see also the
aptitude-treatment-interaction and the expertise-reversal eﬀect; e.g.,
Kalyuga, Ayres, Chandler, & Sweller, 2003; Lehmann, Goussios, &
Seufert, 2016; McDaniel & Butler, 2011; Snow, 1989; Van Gog &
Sweller, 2015). They also argue that testing and generation are only
able to increase long-term learning and performance if the needed extended thought, further/higher eﬀort, and the more elaborated, analytic, or eﬀortful processing are even possible (e.g., Alter, Oppenheimer,
& Epley, 2013; Oppenheimer & Alter, 2014). Higher intelligence and
higher cognitive resources should increase this possibility. Further,
even by deﬁnition, intelligence consists of (eﬀective) information processing and the ability to learn, reason, and solve (complex) problems;
it has also been found to be correlated with information processing,
working memory capacity, and retrieval from long-term memory (e.g.,
Bornstein et al., 2013; Gottfredson, 1997; Oberauer, Schulze, Wilhelm,
& Süß, 2005; Stern, 2015, 2017; Sternberg, 1997; Wang, Ren, &
Schweizer, 2017). Intelligence is thus crucial for the theoretical basics
of desirable diﬃculties like generation and testing.
Previous studies have empirically shown that diﬃcult learning situations only increase long-term learning for individuals who possessed
special skills (e.g., higher reading skills), suﬃcient cognitive resources
(e.g., higher working memory capacities), or further knowledge (e.g.,
background/previous knowledge, experience, expertise), or for those
who were in general high achieving (e.g., Carpenter et al., 2016;
Kalyuga, Chandler, Tuovinen, & Sweller, 2001; Lehmann et al., 2016;
McDaniel, Hines, & Guynn, 2002; McNamara, Kintsch, Songer, & Kintsch,
1996). Notably, all of these variables are linked to higher intelligence.
In line with this, the beneﬁcial eﬀects of desirable diﬃculties like
generation and testing were sometimes only found for materials and
learning situations that were not overly complex, not too high in element interactivity, or not too high in cognitive working memory load,
as well as for information that was successfully retrieved or generated
(e.g., Clark & Linn, 2003; Kaiser et al., 2018; Richland, Bjork, Finley, &
Linn, 2005; Roelle & Berthold, 2017; Rowland, 2014; Van Gog &
Sweller, 2015). We argue instead that these restrictions do not apply to
individuals with higher intelligence. For instance, the positive and
predictive eﬀects of intelligence have been found to be especially strong
regarding cognitive complex tasks and found to be especially valuable
in situations that deal with more complex topics that only individuals
with higher, or at least appropriate, cognitive abilities can master (e.g.,
Gottfredson, 1997; Kuncel et al., 2004; Roth et al., 2015). Further,
when learners receive no feedback, the eﬃciency of testing and generation depends on the success while working on the diﬃcult tasks:
More correctly retrieved answers, which should increase with higher
intelligence, lead to more long-term learning and better performance
(e.g., Richland et al., 2005; Rowland, 2014).
Due to all this, it is often assumed that only individuals with suﬃcient cognitive abilities or resources are even able to use the

gender and early conduct problems and for family, social, and individual factors (Fergusson et al., 2005). Roth et al. (2015) conducted a
meta-analysis regarding the eﬀects of intelligence on school grades. The
authors included 240 samples with 105,185 participants and found that
higher intelligence was strongly linked to better school grades
(r = 0.44, corrected population correlation: ρ = 0.54). They found
among other conclusions that diﬀerent types of intelligence tests resulted in diﬀerent population correlations, the highest by mixed intelligence tests including both verbal and nonverbal tasks (ρ = 0.60),
followed by verbal intelligence tests (ρ = 0.53), both signiﬁcantly
higher than the population correlation yielded by nonverbal tests
(ρ = 0.44). Individuals' grade level also proved important, showing that
the population correlation of intelligence and grades was signiﬁcantly
stronger for high school (ρ = 0.58) and middle school (ρ = 0.54) than
for elementary school (ρ = 0.45). The authors also took a closer look at
the varying subject domains and grades: The linkages between intelligence and a cluster of mathematical and science courses (e.g.,
mathematics, biology, and physics) were especially strong (ρ = 0.49),
followed closely by the relations between intelligence and language
courses (e.g., English, German, reading, and literature; ρ = 0.44), social
science courses (e.g., social studies, history, and geography; ρ = 0.43),
and art and music courses (ρ = 0.31). The subgroup sports (ρ = 0.09)
diﬀered signiﬁcantly from the other domains.
In addition to such measurements of what are often high-stake
academic achievements, intelligence also explains variations in
learning outcomes in universities and (high) schools. This applies to
predictions of long-term learning in laboratory settings, so long-term
learning, as targeted in the present work, includes individuals' ﬁnal test
performance on learned materials as well as retrieval, retention, and
memory outcomes. Hence, taking into account the importance of successful lifelong learning, a focus on intelligence for such long-term
learning is inevitable. Additionally, cognitively stimulating learning
environments increase the acquisition of usable knowledge, especially
for learners with higher intelligence (e.g., Stern, 2015). Thus, it is also
discussed that even learning situations developed to generally enhance
and optimize durable and long-term learning and test performance like
desirable diﬃculties (Bjork, 1994) are moderated by intelligence (e.g.,
Brewer & Unsworth, 2012; Kaiser, Mayer, & Malai, 2018; Minear,
Coane, Boland, Cooney, & Albat, 2018).
1.1. Intelligence and desirable diﬃculties
It is often proposed that learning situations, methods, and processes
that are diﬃcult, challenging, and non-ﬂuent–thus, counting as stimulating learning environments–lead to higher long-term learning, better
performance, deeper information processing, and more exact recall (e.g.,
Bjork, 1994; Bjork & Bjork, 2011; Karpicke, Butler, & Roediger III, 2009).
Recent literature describes diﬀerent incantations of such desirable diﬃculties, two of the most common being part of the present work, respectively in Studies 1 and 2: The generation eﬀect (e.g., active generation of
answers to questions, generation/ﬁnding of solutions to problems, or
production of information; e.g., Bertsch, Pesta, Wiscott, & McDaniel, 2007;
Slamecka & Graf, 1978) and the testing eﬀect (also labeled testing, retrieval
practice, test-enhanced learning; taking learning tests or quizzes and active
retrieval of information; e.g., Adesope, Trevisan, & Sundararajan, 2017;
Dobson & Linderholm, 2015; Rowland, 2014; for further desirable diﬃculties–like disﬂuency or distributed learning–see: e.g., Cepeda, Pashler, Vul,
Wixted, & Rohrer, 2006; Weissgerber & Reinhard, 2017). Both eﬀects increase long-term learning, test performance, and retention, and are supposed to be intricately linked, not easy to distinguish, based on and triggering the same underlying processes (e.g., active retrieval of
information), and sharing a common theoretical basis.
Theoretically, the beneﬁcial eﬀects of testing and generation are attributed to the stimulation of cognitive processes that increase the understanding, deeper semantic/cognitive processing, and encoding of information (e.g., Bjork, 1994; Bjork & Bjork, 1992, 2011; Dunlosky,
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1.2. The present research

stimulations through diﬃcult tasks to intensify and deepen their
learning, in particular regarding relatively complex and realistic materials (e.g., Kalyuga et al., 2001; Lehmann et al., 2016; McDaniel et al.,
2002). Only individuals with suﬃcient cognitive abilities are supposed
to be able to correctly retrieve, further process, encode, and understand
the information, even after working on diﬃculties that reduce processing capacities, and to ultimately manage such diﬃculties without
being cognitively overwhelmed (e.g., Kalyuga et al., 2001; Lehmann
et al., 2016; McDaniel et al., 2002). Since completing complex learning
tasks, overcoming challenging diﬃculties, and correctly retrieving solutions or answers to questions is more likely the higher the intelligence
of a learner is, we argue that intelligence moderates the eﬀectiveness of
testing and generation.
Notably, not much research has been conducted to test this hypothesis. Still, two studies that did focus on possible moderating eﬀects
of intelligence on the eﬀectiveness of desirable diﬃculties found supporting evidence. For instance, Kaiser et al. (2018) tested the link between intelligence–cognitive abilities in the form of inductive ﬁgural
reasoning–and generation tasks as a part of inquiry-based learning on
long-term learning and successful retention of learned materials. They
found that cognitive abilities increased learners' previous knowledge,
which was in turn linked to higher long-term learning in the future.
Minear et al. (2018) further showed that higher ﬂuid intelligence increased the positive eﬀect of testing for diﬃcult, as opposed to easy,
information (regarding Swahili-English word-pairs). Learners with
lower ﬂuid intelligence showed the reverse eﬀect, thus, a stronger
beneﬁcial testing eﬀect for easy compared to diﬃcult information.
Nonetheless, two studies also resulted in contrary ﬁndings: Brewer
and Unsworth (2012), for instance, showed testing compared to a
reading control condition to be more beneﬁcial for participants with
lower general-ﬂuid intelligence than for participants with higher general-ﬂuid intelligence. Notably, participants with higher general-ﬂuid
intelligence were better in both learning conditions, generally performing better and having more long-term learning than participants
with lower intelligence. Robey (2017) found no interaction of intelligence and a learning condition consisting of a testing and a control
condition. The authors (Brewer & Unsworth, 2012; Robey, 2017) explained their results insofar as they assumed that learners with higher
intelligence already used more elaboration, retrieval strategies, and
cognitive processing while learning. These learners directly increased
their long-term learning and performance in both conditions, in turn
reducing the beneﬁcial eﬀects of diﬃcult tests that arise through increased elaboration, retrieval, and cognitive processing. In contrast, the
authors suppose that learners with lower abilities do not automatically
use elaborative strategies and elaborative processing, so that tests,
through increasing elaboration, still lead to more long-term learning.
The authors further refer to the importance of increased eﬀort while
working on diﬃcult tasks, because diﬃculty leads to more eﬀort that in
turn increases later learning and performance. They assumed that the
learning tests were less diﬃcult for learners with higher intelligence
than for learners with lower intelligence, especially considering that
word-pairs were used. This was supposed to decrease the eﬀort more
intelligent learners exerted while retrieving information, further reducing positive eﬀects of testing. This is in line with the ﬁndings of Minear
et al. (2018); their study showed that more intelligent learners had a
stronger testing eﬀect for diﬃcult information, which probably triggered more eﬀort and more challenges that intelligent learners still
managed to overcome. In contrast, less intelligent learners had stronger
testing beneﬁts for easy information as compared to diﬃcult information, possibly because for them easy information already triggered enough additional eﬀort that they were still able to overcome without
being overwhelmed (Minear et al., 2018).
Hence, using diﬃcult, complex, and realistic learning materials, like
those used in school or university settings, should nonetheless lead to
more beneﬁtting eﬀects of generation and tests for learners with higher
intelligence as opposed to learners with lower intelligence.

The purpose of the present work was to evaluate the eﬀect of difﬁculties–generation and testing–on individuals' long-term learning. We
hypothesized that the desirable diﬃculties conditions would yield
better long-term learning than would a control condition. This main
eﬀect was, however, expected to be moderated by learners` general
intelligence, insofar as that the beneﬁts of the diﬃculties should be
more pronounced for those with higher intelligence. We wanted to test
in particular whether higher intelligence serves as a prerequisite for the
beneﬁcial eﬀects of desirable diﬃculties, especially using complex,
naturalistic, and curricular learning materials.
As mentioned, higher intelligence is theoretically assumed to be one
precondition that elicits beneﬁcial eﬀects of desirable diﬃculties. Only
learners with higher intelligence are expected to be at all able to successfully solve generation tasks, to successfully answer learning test
questions, and to overcome the posed challenges. Further, individuals
with higher intelligence are supposed to proﬁt from diﬃcult tasks in
particular because they should still have cognitive resources left after
solving diﬃculties. Because (higher) intelligence is particularly important in complex and stimulating situations, we assume that most of
the restricting factors of desirable diﬃculties mentioned above–e.g.,
regarding too complex or overwhelming materials–do not apply for
learners with higher intelligence. Thus, learners with higher intelligence are supposed to be able to beneﬁt from diﬃculties even when
learners with lower intelligence do not. We focus on intelligence as one
of the most important individual characteristics concerning learning
and on its supporting or essential role for diﬃcult learning situations.
This research is important because it helps us further understand the
role of cognitive processes and intelligence involved in learning in
general and in the eﬀectiveness of stimulating learning situations like
desirable diﬃculties, and it may reveal which cognitive processes are
important for diﬃculties like generation and testing to be desirable. It
also allows us to observe if such diﬃcult learning situations are at all
able to incrementally predict long-term learning beyond intelligence
since the incremental predictivity of learning methods is often supposed
to be rather low (e.g., Spinath, Spinath, Harlaar, & Plomin, 2006).
Following the theoretical arguments stating intelligence as one of
the best predictors for academic achievement and learning, we assumed
that intelligence is positively correlated with later long-term learning
(Hypothesis 1).
In line with the theoretical reasoning of Bjork (1994), we additionally expected a main eﬀect of the learning condition: We assumed
that participants learning with desirable diﬃculties like generation
achieve higher long-term learning than participants in a reading control
condition (Hypothesis 2).
We further supposed an interaction between participants' intelligence and the learning condition. We predicted the beneﬁcial eﬀect
of the generation condition–as opposed to the reading control condition–on long-term learning to be stronger for more intellingent participants and weaker for less intelligent participants (Hypothesis 3).
These hypotheses will be tested in our ﬁrst study. We used generation tasks (active generation/retrieval of solutions to mathematical
questions without feedback) as the desirable diﬃculty.
2. Study 1
2.1. Methods
2.1.1. Participants
Power was set to 0.80 and sample size was calculated to detect a
medium eﬀect (f = 0.25). Using G*Power (Faul, Erdfelder, Buchner, &
Lang, 2009), a power analysis revealed a required sample size of
N = 128 to detect a signiﬁcant eﬀect (alpha level of 0.05) given there is
a true eﬀect. To test the aforementioned hypotheses, we recruited a
sample consisting of 150 participants (Mage = 25.18, SDage = 5.94,
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range: 19–70, 60.7% female, 86.7% German native speakers). Ninetyfour percent were students at a German university studying a range of
disciplines including psychology, social science, economic sciences,
education, languages, history, and philosophy. One participant was
excluded because he did not participate in all three sessions of the
study, so the ﬁnal sample consisted of N = 149 participants. Each
participant was randomly assigned to one of the two between-subjects
learning conditions: the generation condition (n = 75) or the reading
control condition (n = 74). Before starting the experiment, each had to
provide her or his approval through reading and signing a written informed consent.

Schwanzer, 2002). Finally, we also assessed their general academic selfconcept (Dickhäuser, Schöne, Spinath, & Stiensmeier-Pelster, 2002).
After that, the learning phase started; prior to that, participants were
informed that they had to take a ﬁnal test, about 2 weeks later, regarding
the learned information. Notably, the learning situations can be classiﬁed
as low-stake because participants' outcomes and performances had no
inﬂuence on their actual university courses or on their everyday lives.
With regards to the learning materials, we chose complex, realistic, and
curricular mathematical tasks concerning regression analyses. Former
research on the one hand found eﬀects of generation tasks to be especially strong for mathematical tasks (e.g., Bertsch et al., 2007; Wirebring
et al., 2015) and showed on the other hand that the linkage between
intelligence and grades was especially strong for mathematical courses
(Roth et al., 2015). The chosen tasks consisted of arithmetic problems
(e.g., identifying a line based on two given points in a graph) and
mathematical word problems (e.g., sketching of a function into a graph).
First, participants' previous knowledge of such tasks was measured
(duration: 4 min; one point per correct answer, at most 13 points; for a
short example see Appendix A). Three independent raters evaluated and
rated participants' answers to the questions in the previous knowledge
test; later analyses will use the mean score of the three ratings. The interrater reliability was high (ICC: 0.992). Prior knowledge/expertise is often
seen as a good predictor of learning outcome/long-term learning (e.g.,
Stern, 2015), especially when combined with intelligence, although it
was not a substitute for intelligence (e.g., Grabner, Stern, & Neubauer,
2006; Stern, 2015). Moreover, previous knowledge has been shown to be
important for the eﬀectiveness of desirable diﬃculties (e.g., McNamara
et al., 1996). Kaiser et al. (2018) for instance assumed that only learners
with higher previous knowledge are able to successfully generate information and to handle the increased cognitive load. Thus, our analyses
will include previous knowledge. Ultimately, we want to test if the eﬀects
of intelligence remain robust when controlling for previous knowledge.
Afterwards, in the ﬁrst learning phase, all participants read basic
information on the topic and saw some short examples. For the subsequent second learning phase (20 min), participants were then randomly assigned to either a generation condition or a reading control
condition.

2.1.2. Session 1
In the ﬁrst session (95 min) intelligence was assessed. Up to seven
participants simultaneously took part. For more anonymity and less
diversion, each participant sat in a workplace with dividers.
Intelligence was measured using the German paper and pencil version of the basis module of the Intelligence Structure Test (I-S-T 2000 R,
Liepmann, Beauducel, Brocke, & Amthauer, 2007), which includes verbal
as well as non-verbal tasks. The test is based on multiple paradigms/
theories regarding intelligence (e.g., Cattell, 1963, 1987; Cattell & Horn,
1978; Guttman, 1965; Horn & Cattell, 1966; Jäger, 1982; Spearman,
1939; Thurstone, 1938, 1947; see: Liepmann et al., 2007) to combine
their relative advantages. The test battery of the basis module assesses a
general intelligence factor, which is supposed to measure reasoning as a
higher order of intelligence, and which can be interpreted as a measure
of g or as ﬂuid intelligence including knowledge. This overall score
(α = 0.96; further: overall IQ) consists of three areas of intellectual
ability/three content factors, each assessed through three diﬀerent exercises: verbal intelligence (Sentence Completion, Verbal Analogies, Similarities; α = 0.88; further: verbal IQ), numerical intelligence (Numerical
Calculations, Number Series, Numerical Signs; α = 0.95; further numerical
IQ), and ﬁgural intelligence (Figure Selection, Cubes, Matrices; α = 0.87;
further: ﬁgural IQ). Because our learning materials consist of mathematical tasks (see Session 2 below for further information), numerical IQ
could be more strongly linked to long-term learning than could the other
intelligence quotients; however, we plan to analyze our data using only
overall IQ, due to the theoretical importance of a general mental ability
and reasoning, and we plan to only use the content factors if these are
more strongly correlated to participants' long-term learning than overall
IQ. The intelligence scores were conducted using a standard table that
took participants' age and school education into account.
Because we assessed intelligence before presenting participants the
learning situation in Session 2 and before measuring their long-term
learning in Session 3, we assumed a causal eﬀect of intelligence.

2.1.3.1. Generation condition. In the generation condition, participants
had to actively ﬁll blanks and solve mathematical wording problems,
independently and actively generating and retrieving solutions to
mathematical questions. There were 30 blanks overall to ﬁll in, as
well as eight solutions to generate (for a short example see Appendix A).
Participants received no feedback about their generated solutions.
2.1.3.2. Reading control condition. In the reading control condition
participants were presented with the same mathematical questions;
however, these were already solved, and they could see the solutions
(for a short example see Appendix A). Participants were instructed to
read, understand, and memorize the solutions of the learning tasks.
Finally, participants reported their perception of the learning tasks,
e.g., regarding the perceived diﬃculty of the second learning phase.

2.1.3. Session 2
In the second session (60 min; at least 1 day after Session 1), demographic measures were assessed (e.g., age, gender, occupational status,
native language, ethnicity, and ﬁeld of study). Diﬀerent control variables
were also measured in randomized order to test for possible diﬀerences
between participants in the generation condition and participants in the
reading control condition. However, because these are not the focus of
our study, we plan to only report analyses including these control variables if they diﬀer signiﬁcantly between participants in the generation
condition and participants in the reading control condition.
The diﬀerent control variables included participants' Need for
Cognition (NFC; German version, short form: Bless, Wänke, Bohner,
Fellhauer, & Schwarz, 1994) and participants' self-reported learning
strategies and goal orientations with the German version of the Learning
and achievement motivation assessment scales (SELLMO; Spinath,
Stiensmeier-Pelster, Schöne, & Dickhäuser, 2002). We also measured
participants' mathematic self-concept (German version: Schwanzer,
2002; based on: Marsh & O'Neill, 1984), their problem-solving selfconcept (German version: Schwanzer, 2002; based on: Marsh & O'Neill,
1984), and their self-concept of intellectual abilities (German version:

2.1.4. Session 3
Two weeks later (range: 11–19 days; M = 14.07; SD = 0.75), longterm learning (the number of correctly retrieved answers in the ﬁnal
test inquiring about the learned information) was assessed in a third
session (70 min). Participants were required to work on ﬁnal test tasks
for 20 min and could gain up to 43 points (one point per correct answer). Participants' performance, indicating their long-term learning,
was also coded from the same three independent raters. Later analyses
will use the mean score of the three ratings. Inter-rater reliability for
long-term learning was high as well (ICC: 0.897). The ﬁnal test tasks
again included arithmetical problems (35 blanks to ﬁll/to answer), as
well as mathematical text or word problems (eight problems to solve)
and were similar to the learning tasks in the previous session. Some
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questions, however, also included equations with negative slopes in
contrast to the completely positive slopes presented in the learning
phase. Moreover, the ﬁnal test was also a low-stake testing situation
because participants knew that there were no consequences with respect to their performance; neither their rewards for participating nor
their regular university courses and grades were dependent of their
ﬁnal test performance and long-term learning outcome.
We further assessed participants' perception of the ﬁnal test tasks
and if they had gathered further information on the learned topic in the
intervening time. Following an unrelated study concerning credibility
judgments, participants then answered ﬁnal questions about our study,
e.g., regarding thoughts and comments. They also had the opportunity
to subscribe to a post-experimental elucidation, were shortly debriefed,
received 25 Euro as a reward (psychology students earned course
credits instead), and could review their intelligence quotients.

Table 1
Correlations among intelligence, previous knowledge, and long-term learning
(N = 149).
1.
1.
2.
3.
4.
5.
6.

Overall IQ
Verbal IQ
Numerical IQ
Figural IQ
Previous knowledge
Long-term learning

0.63⁎⁎
0.84⁎⁎
0.77⁎⁎
0.52⁎⁎
0.67⁎⁎

2.

3.

4.

5.

6.

0.69

0.88
0.36

0.84
0.42
0.52

0.53
0.36
0.46
0.40

0.72
0.45
0.72
0.44
0.67

0.33⁎⁎
0.37⁎⁎
0.34⁎⁎
0.40⁎⁎

0.47⁎⁎
0.45⁎⁎
0.66⁎⁎

0.37⁎⁎
0.39⁎⁎

0.63⁎⁎

Note: The (uncorrected) correlations are displayed below the diagonal, the
disattenuated correlations are presented above the diagonal.
⁎⁎
p < .001.

participants in the reading control condition and participants in the
generation condition.
To test Hypothesis 1 and Hypothesis 2 in a more detailed way, we
conducted a linear regression analysis using the learning condition
(0 = reading control condition, 1 = generation condition) and participants' overall IQ as predictors for long-term learning. Homoscedasticity
was given (Breusch-Pagan-Test: p = .477). R for this regression was
signiﬁcantly diﬀerent from zero, F(2,146) = 59.85, R2 = 0.451,
R2adj = 0.443, p < .001. Again, contrary to our expectation, the
learning condition was not a signiﬁcant predictor of long-term learning,
t(146) = −1.52, B = −2.00, SE = 1.31, β = −0.09, p = .130,
ry(x,z) = −0.093. Overall IQ did, as expected, show a signiﬁcant eﬀect
in the equation, t(146) = 10.85, B = 7.14, SE = 0.66, β = 0.67,
p < .001, ry(x,z) = 0.666. We further ran another regression analysis to
control for previous knowledge. Homoscedasticity was given (BreuschPagan-Test: p = .177). R for this regression was signiﬁcantly diﬀerent
from zero, F(3,145) = 60.83, R2 = 0.557, R2adj = 0.547, p < .001. The
regression also signiﬁcantly explained more variance than the model
without previous knowledge, Fchange = 34.95, p < .001. Learning
condition was still not a signiﬁcant predictor of later long-term learning
in the ﬁnal test, t(145) = −1.14, B = −1.35, SE = 1.19, β = −0.06,
p = .256, ry(x,z) = −0.063. As expected, overall IQ was still a signiﬁcant predictor, t(145) = 7.14, B = 4.98, SE = 0.70, β = −0.46,
p < .001, ry(x,z) = 0.395. Previous knowledge was also a signiﬁcant
predictor
of
long-term
learning,
t(145) = 5.91,
B=
4.13, SE = 0.70, β = 0.39, p < .001, ry(x,z) = 0.327. Thus, controlling
for previous knowledge did not substantially change the eﬀects. Hence,
Hypothesis 1 can be supported but Hypothesis 2 cannot.
To test Hypothesis 3, we added the interaction-term of overall IQ
and the learning condition as a predictor. Homoscedasticity was given
(Breusch-Pagan-Test: p = .172). R for this regression was signiﬁcantly
diﬀerent from zero, F(4,144) = 45.62, R2 = 0.559, R2adj = 0.547,
p < .001. The regression did not explain more variance than the ﬁrst
model, Fchange = 0.56, p = .457. The learning condition was again not a
signiﬁcant predictor, t(144) = −1.15, B = −1.37, SE = 1.19,
β = −0.06, p = .253, ry(x,z) = −0.064. As expected, overall IQ was
signiﬁcant, t(144) = 4.56, B = 4.46, SE = 0.98, β = 0.42, p < .001,
ry(x,z) = 0.252. Previous knowledge was also a signiﬁcant predictor, t
(144) = 5.83, B = 4.09, SE = 0.70, β = 0.38, p < .001, ry(x,z) = 0.323.
The interaction of both variables showed no signiﬁcant eﬀect in the
equation, t(144) = 0.75, B = 0.90, SE = 1.21, β = 0.07, p = .457,
ry(x,z) = 0.041. Thus Hypothesis 3 was not supported.

2.2. Results
On average, participants achieved an overall IQ of 98.54
(SD = 14.58, range: 73.0–131.5). Participants had on average a verbal
IQ of 100.48 (SD = 14.51, range: 70.0–130.0), a numerical IQ of 95.79
(SD = 16.29, range: 56.5–133.0), and a mean ﬁgural IQ of 97.72
(SD = 14.83, range: 61.0–137.5). In the previous knowledge test, participants were on average able to correctly answer 7.79 of the 13
(59.9%) questions (SD = 4.17, range: 0–13).
Gender distribution, intelligence, previous knowledge, the time lag
between Session 2 and Session 3, and the aforementioned control variables
did not diﬀer between participants in the generation condition and participants in the reading control condition (all ps ≥ .438). Therefore, our
analyses will not include the control variables. Regarding the manipulation check, there was no signiﬁcant diﬀerence between participants' ratings of the diﬃculty of the learning tasks between the two learning conditions
(Mgeneration = 2.56,
SDgeneration = 1.08,
Mreading = 2.65,
SDreading = 1.07, t(147) = −0.50, p = .615, d = −0.08; range: 1–5). For
the following analyses, we z-standardized the predictors and used Process
(Hayes, 2018). In the regression analyses we further report the semi-partial correlations (ry(x,z)).
2.2.1. Intelligence, learning condition, and long-term learning
Considering the ﬁnal test tasks measuring long-term learning, participants were on average able to correctly answer 22.04 of 43 (51.3%)
ﬁnal test questions (SD = 10.73, range: 0.67–42.33).
Correlations (not corrected as well as corrected for measurement
error, thus, disattenuated correlations) can be seen in Table 1. As expected, overall IQ was signiﬁcantly correlated to participants' later longterm learning (r = 0.67, p < .001, disattenuated correlation: r = 0.72).
In line with the expected validity of the scale, overall IQ was also correlated signiﬁcantly to the three content factors (see Table 1). Interestingly, overall IQ and numerical IQ were strongly correlated (r = 0.84,
p < .001, disattenuated correlation: r = 0.88), indicating these variables to be extremely linked and almost identical. Furthermore, the positive correlation between numerical IQ and long-term learning
(r = 0.66, p < .001, disattenuated correlation: r = 0.72) did not signiﬁcantly diﬀer from the correlation of overall IQ and long-term learning
(r = 0.67, p < .001, disattenuated correlation: r = 0.72; z = 0.30,
p = .384). Thus, we use overall IQ as the predictor for the following
analyses. Previous knowledge also positively correlated to overall IQ as
well as to participants' later long-term learning (see Table 1).
Regarding Hypothesis 1, the signiﬁcant correlation between overall
IQ and long-term learning (r = 0.67, p < .001, disattenuated correlation: r = 0.72; see Table 1) found ﬁrst support for our assumption. To
test Hypothesis 2, we conducted a t-test to compare the average longterm learning of participants in both learning conditions:
Mgeneration = 21.13, SDgeneration = 10.66, Mreading = 22.97, SDreading =
10.79, t(147) = −1.05, p = .297, d = −0.17. Contrary to Hypothesis
2, there was no signiﬁcant diﬀerence in long-term learning between

2.3. Discussion
Our results supported Hypothesis 1 but not Hypotheses 2 and 3. As
expected, intelligence was signiﬁcantly and positively linked to later
long-term learning indicated by participants' performance in the ﬁnal
test assessing the learned information. This ﬁts the aforementioned
theoretical reasoning that claims intelligence as one of the strongest
predictors for long-term learning and academic achievement (e.g.,
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Fergusson et al., 2005; Kuncel et al., 2004; Roth et al., 2015; Spinath
et al., 2006). Thus, our ﬁndings again strengthen the importance of
intelligence for success in the academic ﬁeld. Notably, the positive effect of intelligence for later long-term learning remained robust when
adding participants' previous knowledge, thus, the beneﬁtting eﬀects of
intelligence were not due to speciﬁc knowledge. Still, adding previous
knowledge increased the explained variance.
Contrary to theoretical argumentations and former research (e.g.,
Bertsch et al., 2007; Bjork, 1994; Slamecka & Graf, 1978) generation in
comparison to reading did not lead to more long-term learning. Taking
a closer look at the manipulation of the learning condition, however,
showed no signiﬁcant diﬀerences between participants' ratings of the
diﬃculty of the two learning conditions. Participants in the generation
condition did not perceive the generation tasks as more diﬃcult than
participants in the reading control condition perceived the reading
tasks. We argue, then, that the generation tasks were not diﬃcult enough to count as a desirable diﬃculty and were in turn unable to trigger
the needed increase in eﬀort, elaboration, retrieval, and cognitive
processing. Due to our questioning of the successfulness of the manipulation, learning condition diﬀerences must be more pronounced in
future studies. Thus, more diﬃcult learning conditions should actually
be more diﬃcult.
We furthermore found no interaction between intelligence and the
learning condition. This is plausible considering that there were no
main eﬀects of the learning condition.
Our sample had an extremely large range of intelligence scores and
a–at ﬁrst glance–rather low mean overall intelligence score of 98.54,
which seemed surprising for a university sample. However, none of the
participants was an outlier, and the calculation of the intelligence
scores took into direct account participants' educational background, so
ultimately the intelligence scores proved normed for individuals with
the educational level required to study in Germany. In line with this, a
large number of individuals per generation these days decides to attend
university: In one survey, for instance, 74% of those who were entitled
to study due to their school degree had already begun studying within
6 months post-graduation, or they deﬁnitely planned to begin soon
(Schneider, Franke, Woisch, & Spangenberg, 2017). Only a small
number of individuals with this educational background wanted to
instead start an apprenticeship or vocational education (about 20%;
Schneider et al., 2017). Moreover, many study paths in Germany do not
pose entry restrictions or pre-requisites, so studying individuals in
general and in our sample were not highly selected by admission procedures. Due to that, samples of students are more diverse regarding
their cognitive resources; are argued to have wider ability ranges; are
generally not restricted to higher abilities; and should resemble the
general population. Further, the average intelligence score of our
sample did not diﬀer from the expected population average of 100 (t
(148) = −1.222, p = .224, d = −0.10). Moreover, almost all participants stated that they were interested in the results of their intelligence
test and later reviewed these. Hence, we think that our sample adequately represents students in the observed university.

We further assumed that the beneﬁcial eﬀect of the testing condition is moderated by intelligence, insofar as that the positive eﬀect is
stronger for more intelligent and weaker for less intelligent participants
(Hypothesis 3).
3.1. Methods
3.1.1. Participants
Power was set to 0.90 and sample size was calculated to detect a
medium eﬀect (f = 0.25). Using G*Power (Faul et al., 2009), a power
analysis revealed a required sample size of N = 171 to detect a signiﬁcant eﬀect (alpha level of 0.05) given there is a true eﬀect. To test
the aforementioned hypotheses, we recruited a sample consisting of
179 participants. Three participants were excluded because they did not
participate in both sessions of the study, so the ﬁnal sample consisted of
N = 176 participants (Mage = 22.83, SDage = 4.23, range:18–40, 70.5%
female, 84.1% German native speakers). Ninety-six-point-six percent
were students at a German university studying a range of disciplines
including psychology, social science, economic sciences, education,
physics, mathematics, languages, history, and philosophy. Each participant was randomly assigned to one of the two between-subjects
learning conditions: the testing condition (n = 87) or the re-reading
control condition (n = 89). Before starting the experiment, each had to
provide her or his approval through reading and signing a written informed consent.
3.1.2. Session 1
In the ﬁrst session (135 min) intelligence was assessed and the
learning phase took place. The laboratory and the setting were the same
as in Study 1.
We measured intelligence using the same test as before (I-S-T 2000
R, Liepmann et al., 2007). Again, due to the theoretical importance of a
general mental ability and the results of Study 1, we analyze our data
using overall IQ. After a short break, we then assessed demographic
measures of the participants (e.g., age, gender, occupational status,
native language, ethnicity, and ﬁeld of study).
Before the learning phase started, participants were informed that
they would, 1 week later, be charged with taking a ﬁnal test covering
the learned information. The learning material consisted of a textbook
chapter on the brain's lateralization based on a standard introductory
textbook often adopted for university courses in biopsychology (Pinel &
Pauli, 2012). This material was complex, curricular, and diﬃcult;
moreover, previous research found the linkage between intelligence
and grades to be especially high for biological courses (e.g., Roth et al.,
2015).
Again, due to the above-mentioned theoretical importance of previous knowledge and the results of Study 1, participants' previous
knowledge was measured by implementing three open-ended questions
(duration: 3 min; one point per correct answer, at most three points; for
a short example see Appendix B). Three independent raters evaluated
and rated participants' answers to the previous knowledge questions:
Analyses will use the mean score of the three ratings. The inter-rater
reliability was high (ICC: 0.983).
In the ﬁrst learning phase, all participants had 10 min to once read
three pages of the textbook concerning the brain's lateralization. For the
subsequent 10 min of the second learning phase, participants were then
randomly assigned to either a testing condition or a re-reading control
condition.

3. Study 2
The aim of Study 2 was to again test the three hypotheses stated
above. That said, the method of Study 2 is parallel to the method used
in Study 1, except we implemented learning tests with feedback as the
desirable diﬃculty as opposed to a re-reading control condition. The
study also had two instead of three sessions. We further used diﬀerent
learning materials and measured long-term learning 1 week instead of
2 weeks after learning.
We again assumed that intelligence is positively linked to participants' later long-term learning (Hypothesis 1).
We additionally supposed that participants in the desirable diﬃculties learning condition using tests achieve higher long-term learning
than do participants in the re-reading control condition (Hypothesis 2).

3.1.2.1. Testing condition. In the testing condition, participants were
presented with a learning test assessing aspects of the previously read
textbook material. The 17 test questions consisted of multiple-choice
questions, each with one correct answer and three distractors, plus
open-ended questions asking for single words or bullet points but also
requiring longer, more detailed answers (a maximum of 20 points could
be gained; for examples see Appendix B). After spending 9 min
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answering the questions of the learning test, participants received
feedback in the form of an answer sheet displaying the correct answers
of the learning test (see Rowland, 2014, concerning the importance of
feedback for the eﬀectiveness of tests).

Mre-reading = 2.73, SDre-reading = 1.09, t(174) = 1.84, p = .067, d = 0.28)
and the rated eﬀectivity of the learning tasks (Mtesting = 3.72,
SDtesting = 0.86, Mre-reading = 3.58, SDre-reading = 0.95, t(174) = 1.02,
p = .308, d = 0.16). For the following analyses, we z-standardized the
predictors and used Process (Hayes, 2018). In the regression analyses
we further report the semi-partial correlations (ry(x,z)).

3.1.2.2. Re-reading control condition. In the re-reading control condition
participants were again presented with the same textbook materials.
They were instructed to read the text as many times as they wanted in
the given time and to learn, understand, and memorize the information
as best as they could.
Finally, participants answered some manipulation check questions
regarding this second part of the learning phase, e.g., regarding the
diﬃcultly, strenuousness, or eﬀectivity of the learning task, or regarding participants' perceived success.

3.2.1. Intelligence, learning condition, and long-term learning
Considering the ﬁnal test task measuring long-term learning, participants were on average able to give 13.18 of 27 (48.8%) correct
answers in the ﬁnal test (SD = 4.78, range: 2.33–25.00). Correlations
(not corrected as well as disattenuated) can be seen in Table 2. As expected, overall IQ was signiﬁcantly correlated to participants' later
long-term learning (r = 0.44, p < .001, disattenuated correlation:
r = 0.46). In line with the expected validity of the scale, overall IQ was
also signiﬁcantly correlated to the three content factors (see Table 2).
The correlation of verbal IQ and later long-term learning (r = 0.51,
p < .001, disattenuated correlation: r = 0.55) did not signiﬁcantly
diﬀer from the correlation of overall IQ and later long-term learning
(r = 0.44, p < .001, disattenuated correlation: r = 0.46; z = 1.25,
p = .105). In addition, previous knowledge was positively correlated to
overall IQ as well as to participants' later long-term learning (see
Table 2).
Regarding Hypothesis 1, the signiﬁcant correlation between overall
IQ and long-term learning (r = 0.44, p < .001, disattenuated correlation: r = 0.46; see Table 2) found ﬁrst support for our assumption. To
test Hypothesis 2, we ﬁrst conducted a t-test comparing the long-term
learning between participants in the testing condition (M = 13.92,
SD = 5.02) and participants in the re-reading control condition
(M = 12.45, SD = 4.43). This diﬀerence was signiﬁcant (t(174) = 2.07,
p = .040, d = 0.31), indicating a beneﬁcial eﬀect of testing on later
long-term learning, hence supporting our second hypothesis.
To test both hypotheses in a more detailed way, we conducted a
linear regression analysis with both the learning condition (0 = rereading control condition, 1 = testing condition) and overall IQ as
predictors for later long-term learning. Homoscedasticity was given
(Breusch-Pagan-Test: p = .718). R for this regression was signiﬁcantly
diﬀerent from zero, F(2,173) = 24.92, R2 = 0.224, R2adj = 0.215,
p < .001. As expected in Hypothesis 1, overall IQ showed a signiﬁcant
eﬀect in the equation, t(173) = 6.67, B = 2.14, SE = 0.32, β = 0.447,
p < .001, ry(x,z) = 0.447. As expected in Hypothesis 2, the learning
condition was also a signiﬁcant predictor, t(173) = 2.58, B = 1.65,
SE = 0.64, β = 0.173, p = .011, ry(x,z) = 0.173. To further control for
participants' previous knowledge, we ran another regression analysis
including previous knowledge as a predictor. Homoscedasticity was
given (Breusch-Pagan-Test: p = .412). R for this regression was signiﬁcantly diﬀerent from zero, F(3,172) = 31.89, R2 = 0.357,
R2adj = 0.346, p < .001. The regression signiﬁcantly explained more
variance than the model without previous knowledge, Fchange = 35.821,
p < .001. As expected, the learning condition was a signiﬁcant predictor of later long-term learning, t(172) = 2.57, B = 1.50, SE = 0.58,

3.1.3. Session 2
In the second session (about 70 min; 1 week after Session 1; range:
7–9 days; M = 7.02, SD = 0.18) participants' long-term learning was
measured. Participants were therefore required to work for 10 min on a
ﬁnal test that included 22 ﬁnal test questions. They could gain up to 27
points (between one and two points could be achieved per correctly
answered ﬁnal test question). In line with the learning test in the testing
condition, the ﬁnal test consisted of multiple choice and open-ended
questions. Some ﬁnal test questions were identical to questions used in
the learning test, some questions were changed slightly, and some were
part of the previously read textbook but were not previously implemented in the learning test. The three independent raters again
evaluated and rated all answers on the ﬁnal test (ICC: 0.973); analyses
will use the mean score of these three ratings. Again, the ﬁnal test was a
low-stake situation because there were no consequences for participants
dependent on their performance.
We further assessed participants' perception of the ﬁnal test, e.g.,
regarding the diﬃculty or strenuousness of the ﬁnal test and if they had
gathered further information on the learned topic in the intervening
time. Following an unrelated study concerning credibility judgments,
participants answered ﬁnal inquiries about our study, e.g., regarding
thoughts and comments. They also had the opportunity to subscribe for
a post-experimental elucidation, were shortly debriefed, received their
25 Euro reward (psychology students earned course credits instead),
and could review their intelligence quotients.
3.2. Results
On average, participants achieved an overall IQ of 101.03
(SD = 14.64, range: 67.5–137.5). They had on average a verbal IQ of
99.76 (SD = 13.34, range: 69.0–133.0), a numerical IQ of 98.71
(SD = 15.98, range: 66.0–133.0), and a ﬁgural IQ of 100.48
(SD = 14.75, range: 79.5–140.5). Participants achieved on average
0.27 of 3 points in the previous knowledge test (SD = 0.61, range: 0–3).
Participants' age, gender distribution, native language distribution,
the time lag between Session 1 and Session 2, intelligence, and previous
knowledge did not signiﬁcantly diﬀer between participants in the
testing condition and participants in the re-reading control condition
(all ps ≥ .317). Regarding the manipulation check, participants in the
testing condition rated the learning task as signiﬁcantly more diﬃcult
than participants in the re-reading control condition (Mtesting = 3.09,
SDtesting = 0.71, Mre-reading = 2.33, SDre-reading = 0.78, t(174) = 6.81,
p < .001, d = 1.02). More participants in the testing condition stated
that they would need further time to work on the learning task (32 vs. 3
participants). In line with this, participants in the re-reading control
condition perceived themselves as signiﬁcantly more successful while
working on the learning task than did participants in the testing condition (Mtesting = 2.85, SDtesting = 0.93, Mrereading = 3.42, SDrereading = 0.77, t(174) = −4.93, p < .001, d = −0.67). However, there
were no signiﬁcant diﬀerences between the perceived strenuousness of
the testing and the re-reading condition (Mtesting = 3.02, SDtesting = 1.02,

Table 2
Correlations among intelligence, previous knowledge, and long-term learning
(N = 176).
1
1.
2.
3.
4.
5.
6.

Overall IQ
Verbal IQ
Numerical IQ
Figural IQ
Previous knowledge
Long-term learning

2
0.71

0.65⁎⁎
0.84⁎⁎
0.79⁎⁎
0.20⁎⁎
0.44⁎⁎

0.33
0.36⁎⁎
0.23⁎⁎
0.51⁎⁎

3

4

5

6

0.88
0.36

0.86
0.41
0.57

0.21
0.25
0.11
0.10

0.46
0.55
0.26
0.33
0.46

⁎⁎

0.52⁎⁎
0.11
0.25⁎⁎

0.09
0.30⁎⁎

0.45⁎⁎

Note: The (uncorrected) correlations are displayed below the diagonal; the
disattenuated correlations are presented above the diagonal.
⁎⁎
p ≤ .001.
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β = 0.158, p = .011, ry(x,z) = 0.157. Overall IQ also showed a signiﬁcant eﬀect in the equation, t(172) = 5.97, B = 1.78, SE = 0.30,
β = 0.373, p < .001, ry(x,z) =. 365. Previous knowledge was also a
signiﬁcant predictor, t(172) = 5.99, B = 1.78, SE = 0.30, β = 0.374,
p < .001, ry(x,z) = 0.366. Thus, controlling for previous knowledge did
not substantially change the eﬀects. This again supports Hypothesis 1
and Hypothesis 2.
To test Hypothesis 3, we further added the interaction-term of overall
IQ and the learning condition to this linear regression analyis.
Homoscedasticity was given (Breusch-Pagan-Test: p = .338). R for this
regression was signiﬁcantly diﬀerent from zero, F(4,171) = 25.65,
R2 = 0.375, R2adj = 0.360, p < .001. The regression signiﬁcantly explained more variance than the model without the interaction,
Fchange = 4.81, p = .030. In line with the results above, the learning condition was a signiﬁcant predictor, t(171) = 2.60, B = 1.50, SE = 0.58,
β = 0.158, p = .010, ry(x,z) = 0.157. Overall IQ also showed a signiﬁcant
eﬀect in the equation, t(171) = 2.89, B = 1.17, SE = 0.41, β = 0.245,
p = .004, ry(x,z) = 0.175. Previous knowledge also was a signiﬁcant predictor, t(171) = 6.19, B = 1.83, SE = 0.30, β = 0.383, p < .001,
ry(x,z) = 0.374. As expected, the interaction of overall IQ with the learning
condition was also able to signiﬁcantly predict later long-term learning, t
(171) = 2.19, B = 1.27, SE = 0.58, β = 0.183, p = .030, ry(x,z) = 0.133
(see Fig. 1). A closer look at the conditional eﬀects of the ordinal interaction revealed that there was no signiﬁcant eﬀect of the learning condition on long-term learning for participants with rather low overall IQ
(overall IQ 1SD below mean), t(171) = 0.28, B = 0.23, SE = 0.82,
p = .780. However, participants with average overall IQ beneﬁtted signiﬁcantly from being in the testing condition compared to being in the rereading control condition, t(171) = 2.60, B = 1.50, SE = 0.58, p = .010.
The positive eﬀect of the learning condition was especially strong for more
intelligent participants (overall IQ 1SD above mean), t(171) = 3.39,
B = 2.77, SE = 0.82, p = .001.1 These ﬁndings–that intelligence moderated the eﬀectiveness of the testing condition–supported Hypothesis 3.
Notes. N = 176. Overall IQ +1SD = overall IQ 1SD above mean;
Mean overall IQ = average overall IQ; overall IQ -1SD = overall IQ 1SD
below mean.
To conclude, we further added the interaction-term of previous
knowledge and the learning condition to the linear regression model.2
Again, homoscedasticity was given (Breusch-Pagan-Test: p = .338). R
for this regression was signiﬁcantly diﬀerent from zero, F
(5,170) = 20.40, R2 = 0.375, R2adj = 0.357, p < .001, but did not explain more variance than the model without the interaction of previous
knowledge and the learning condition, Fchange < 0.001, p = .993.
Adding this further interaction-term did not change the results: The
learning condition remained a signiﬁcant predictor, t(170) = 2.59,
B = 1.50, SE = 0.58, β = 0.158, p = .010, ry(x,z) = 0.157. Overall IQ
still showed a signiﬁcant eﬀect in the equation, t(170) = 2.83,
B = 1.17, SE = 0.41, β = 0.245, p = .005, ry(x,z) = 0.172. Previous
knowledge remained a signiﬁcant predictor, t(170) = 4.40, B = 1.83,
SE = 0.42, β = 0.383, p < .001, ry(x,z) = 0.267. The interaction of
overall IQ and the learning condition was also still able to signiﬁcantly
predict later long-term learning, t(170) = 2.15, B = 1.27, SE = 0.59,
β = 0.183, p = .033, ry(x,z) = 0.130. The conditional eﬀects of this ordinal interaction thereby followed the same pattern as described before.
In contrast, the interaction between the learning condition and previous
knowledge was not signiﬁcant, t(170) = −0.01, B = −0.01,
SE = 0.59, β = −0.001, p = .993, ry(x,z) = −0.001.

Long-term Learning
20

15
Overall IQ + 1SD
10

Mean overall IQ
Overall IQ - 1SD

5

0
Re-reading

Testing

Fig. 1. Long-term learning predicted through the learning condition, participants' overall IQ, and the interaction of both variables.

3.3. Discussion
The results described above are completely in line with our theoretical predictions and thus support all three of our hypotheses. Again,
as expected, higher intelligence was signiﬁcantly linked to more longterm learning, highlighting the importance of (general) intelligence for
long-term learning, knowledge acquisition, and academic achievement
(e.g., Fergusson et al., 2005; Roth et al., 2015; Stern, 2015).
Notably, the manipulation of the learning condition–testing versus rereading control–was successful in this second study: The testing condition
was perceived as signiﬁcantly more diﬃcult than the re-reading control
condition. In line with this, we now found a signiﬁcant testing eﬀect on
participants' long-term learning. Participants in the testing condition retrieved more answers correctly in the ﬁnal test assessing long-term learning
after 1 week than did participants in the re-reading control condition. This
ﬁts theoretical assumptions regarding the beneﬁcial eﬀects of implementing learning tests (e.g., Adesope et al., 2017; Rowland, 2014). Interestingly, this positive eﬀect of the learning test was found using realistic,
diﬃcult, and curricular materials that consisted of rather complex information. Thus, our results are an indication for the robustness of the
testing eﬀect, even controlling for intelligence and previous knowledge.
Next, we found a signiﬁcant interaction between the learning condition and participants' overall IQ: Intelligence moderated the eﬀectiveness of learning tests, insofar as that participants with relatively low
intelligence, that is, overall IQ one standard deviation below mean, did
not beneﬁt from the manipulation of the learning situation. Thus, for
lower intelligence, there was no diﬀerence in later long-term learning
between participants in the testing condition and participants in the rereading control condition. However, participants with average intelligence beneﬁtted from taking learning tests as opposed to re-reading
the same information. This positive eﬀect was even stronger for more
intelligent participants with overall IQ one standard deviation above
mean; thus, more intelligent participants in particular proﬁted from
such diﬃcult learning. This result is in line with the aforementioned
theoretical assumptions and empirical ﬁndings (e.g., Alter et al., 2013;
McDaniel et al., 2002; Minear et al., 2018; Oppenheimer & Alter, 2014).
Finally, participants previous knowledge was also a signiﬁcant and
positive predictor for long-term learning. The interaction of previous
knowledge and the learning condition was, however, not signiﬁcant–even though previous knowledge was found to be a moderator
for the beneﬁcial eﬀects of desirable diﬃculties in past studies (e.g.,
McNamara et al., 1996).

1
The Johnson-Neyman region of signiﬁcance for the moderator (conducted
with Process) showed that the testing condition had no signiﬁcant eﬀect on
long-term learning for participants with a (standardized) overall IQ below
−0.256. For participants with a (standardized) overall IQ above −0.256, the
testing condition had a positive and signiﬁcant eﬀect compared to a re-reading
control condition.
2
We thank an anonymous reviewer for this suggestion.

4. General discussion
In two studies, we analyzed the linkage between participants' intelligence and their long-term learning, as well as moderating eﬀects of


K. Wenzel and M.-A. Reinhard

,QWHOOLJHQFH  

of the learning condition, thus, generation was not more beneﬁcial than a
reading control task. At the very least the generation tasks did not reduce
participants' long-term learning, thus, they were not harmful.
There were some positive and negative aspects of our studies that we
care to mention and that could be applied or adapted in future work. For
instance, the intelligence test we used was a rather detailed one with
high quality factors; future research should use similar measures. This
applies especially to the importance and predictivity of a general intelligence factor. Still, we only used the basis module of the intelligence
test, which measures a general intelligence factor similar to g or to ﬂuid
intelligence encompassing knowledge components. Future studies may
add the existing knowledge tests to additionally assess ﬂuid and crystalline intelligence so that more information regarding intelligence is
available. Both of our studies used diﬀerent curricular and realistic
learning materials that are actually used in school and university courses;
that said, the results can be generalized for actual learning materials and
for information that is complex and diﬃcult instead of relatively abstract
learning of word pairs, vocabulary, or associations. It is vital that the
diﬃcult learning tasks are perceived as more diﬃcult than the easier
control tasks and that both conditions are clearly distinguishable.
As a limitation, we only observed the inﬂuence of a single manipulated learning condition–one generation task or one learning
test–on one single ﬁnal test assessing long-term learning. However, it is
important to test if the moderating eﬀects of intelligence remain the
same when applying multiple learning tests or multiple re-reads over
the course of an entire semester. In line with this, future studies should
use multiple follow-up ﬁnal tests to check if the eﬀects change over
time. Although the positive eﬀect of intelligence was found in previous
studies over long periods, the beneﬁcial eﬀect of tests could decline.
One main limitation of our studies is that in regard to intelligence, we
were only able to observe correlations. Although we did infer causal
eﬀects due to the diﬀerent times of measurements of intelligence and
long-term learning, further causal analyses are still advantageous.
Future studies should implement longitudinal designs because these are
supposed to serve as a basis for causal eﬀects (cf., Strenze, 2007, 2015).
All in all, there remain open questions regarding the tested linkage
among intelligence, cognitive processes, generation, testing, and longterm learning. This applies for instance to the underlying eﬀects of
cognitive processing for learning. Although we argue that intelligence is
positively correlated to better retrieval as well as to deeper processing
of information, and although we know that higher intelligence is generally important for learning, we do not know exactly why. The same
applies to the consideration of why desirable diﬃculties increase cognitive processes that lead to higher long-term learning. It is possible
that higher working memory capacities, the ability to handle simultaneously more pieces of information, the amount of cognitive resources,
or higher memory skills are responsible for increased long-term
learning. However, higher success could also be due to the abilities to
reason, abstract thinking, or elaboration, or to higher processing speed,
or simply to the ability to handle more cognitive eﬀort and to overcome
challenging tasks. So, in addition to general intelligence, future studies
could focus on the linkage between even more aspects of cognitive
abilities, like processing speed, working memory capacity, memory, or
reasoning, on long-term learning and the eﬀectiveness of generation/
testing. Moreover, future work should also focus on increasing the
beneﬁt of desirable diﬃculties for learners with all–and especially
lower–ability levels and not only for average or highly intelligent individuals. Thus, future studies may try to design diﬃculties that are
adequately diﬃcult for every individual; the tasks should be diﬃcult
enough to elicit the beneﬁcial eﬀects of desirable diﬃculties but still
easy enough that learners with lower intelligence are able to overcome
them without being completely overwhelmed (see e.g., Minear et al.,
2018). Future studies should therefore monitor and test which level of
diﬃculty is beneﬁcial for which individual. Lecturers could, for instance, also give lower ability learners more time or apply graded
learning aids to support them (see e.g., Hänze, Schmidt-Weigand, &

intelligence on diﬃcult learning situations like generation and testing
that are supposed to increase long-term learning. As mentioned in the
introduction, intelligence has often been assumed to be one of the best
predictors for learning and academic achievement, especially regarding
complex and stimulating learning. Higher intelligence was further discussed to increase the eﬀectiveness of intentionally hindered and more
diﬃcult learning situations and to be linked to better and more eﬀortful
cognitive information processing.
The results of our two studies highlight the importance of general intelligence and the inevitability of focusing on intelligence for predicting
long-term learning. The positive linkage of intelligence and long-term
learning remained robust and strong when controlling for participants'
previous knowledge and when manipulating the learning situation.
Moreover, although desirable diﬃculties, at least regarding tests in our
second study, were also beneﬁcial, intelligence even moderated the effectiveness of such diﬃcult learning. This moderation eﬀect regarding
complex and diﬃcult information is the most important contribution of
our second study to the existing intelligence literature. Notably, tests were
not more eﬀective than re-reading control tasks for participants with relatively low intelligence but were beneﬁcial for average and highly intelligent participants. Highly intelligent learners proﬁted especially from
using learning tests. Hence, intelligence was not only generally linked to
long-term learning but also moderated situations, processes, and methods
that were speciﬁcally constructed to increase long-term learning. This is in
line with the above-mentioned theories stating the importance of a general
intelligence factor for learning, success, and academic achievement in
diﬀerent contexts (e.g., Kuncel et al., 2004; Roth et al., 2015; Spearman,
1904). Additionally, our results are similar to previous (controversial)
research stating educational interventions and learning methods to be
especially–or even only–advantageous for individuals with at least average
cognitive abilities like intelligence: Thus, methods trying to improve longterm learning and academic achievement for everyone are often suggested
to only further increase the disparity between high and low ability learners
(see also the Matthew or rich-get-richer eﬀects; e.g., Rapport, Brines,
Theisen, & Axelrod, 1997; Stern, 2015, 2017; Walberg & Tsai, 1983). Our
results further support the literature assuming the importance of higher
cognitive abilities for the beneﬁcial eﬀects of desirable diﬃculties (e.g.,
Kaiser et al., 2018; McDaniel et al., 2002; Minear et al., 2018). Our
ﬁndings present a unique contribution to the understanding of the role of
intelligence for learning in general, as well as for stimulating learning situations using diﬃcult, challenging, and complex materials. Thus, at least
average and higher intelligence facilitates eﬀective deeper semantic encoding, cognitive processing, cognitive eﬀort, and consolidation of information that is triggered by tests.
Due to our results, we can advise the implementation of learning tests
for university students, at least for averagely and highly intelligent learners. These proﬁt from using diﬃcult learning tests, even when applying
a rather short, low-stake test only once. Fortunately, such learning tests
are advantageous for a larger population of university students and can be
implemented easily into university courses. Still, lecturers must remain
vigilant that the applied learning tests are actually diﬃcult and complex
enough to trigger the beneﬁcial eﬀects. Concerning relatively unintelligent learners, we cannot unconditionally advise lecturers to use tests
because such learners would have to indulge in diﬃcult learning without
proﬁting from it. Nonetheless, we also cannot advise against using diﬃcult tests because at the very least, participants with lower intelligence
suﬀered no disadvantages on their long-term learning due to the application of learning tests (see also the often assumed poor-get-poorer eﬀect;
e.g., Stanovich, 1986). However, one might also argue that diﬃcult
learning is correlated with stress or frustration for less intelligent learners,
because diﬃcult tasks were in general found to increase perceived anxiety, and even low-stake quizzes were linked to pressure compared to a
re-reading control task (e.g., Hinze & Rapp, 2014; O'Neil, Spielberger, &
Hansen, 1969). Regarding generation tasks, implications are not that
clear because the manipulation of the learning condition in Study 1 was
unsuccessful. In line with this, Study 1 did not result in a signiﬁcant eﬀect
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Stäudel, 2010). Besides, researchers could test if lower ability learners
would beneﬁt from longer initial learning phases or from applications
of desirable diﬃculties later in the learning process when these learners
have already mastered some of the basic information or formed suﬃcient previous knowledge (see also the above-mentioned expertise-reversal eﬀect or the aptitude-treatment-interaction; e.g., Kalyuga et al.,
2003; Snow, 1989). Future work could also test if multiple applications
of desirable diﬃculties or the usage of tests in high-stake learning situations in actual university courses may improve long-term learning
for lower ability individuals.
In general, future work could also use a more natural setting, a withinsubject design, or it could even implement further diﬃculty nuances regarding the information as well as the desirable diﬃculties themselves.
Although the forced application of learning tasks is rather common in
university courses, it is advantageous to explore the eﬀects of intelligence
and desirable diﬃculties using self-regulated learning. Thus, one could
explore if intelligence also moderates the decision to use generation tasks
or tests instead of relatively easy re-reading tasks, and also if intelligence
moderates learners' persistence while working on such diﬃculties.

Study 2 also found a positive eﬀect of diﬃcult learning tests as opposed
to the application of reading control tasks. Notably, this beneﬁcial eﬀect
was moderated by intelligence: In particular participants with higher
intelligence proﬁted from such diﬃcult learning. Thus, intelligence was
once again one of the best predictors of long-term learning.
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Appendix A. Example items of Study 1 (translated for this presentation, used materials in German)
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Appendix B. Example items of Study 2 (translated for this presentation, used materials in German)
Previous knowledge test:
1. What is the functional lateralization of the brain?
Learning test in the testing condition:
2. Which sort of motor function or movement is malfunctioning due to apraxia?
Final test:
4. Wherefore is the sodium amylate test used? (Please answer the question in at most one or two sentences)

G* Power 3.1: Tests for correlation and regression analyses. Behavior Research
Methods, 41, 1149–1160. https://doi.org/10.3758/BRM.41.4.1149.
Fergusson, D. M., Horwood, L. J., & Ridder, E. M. (2005). Show me the child at seven II:
Childhood intelligence and later outcomes in adolescence and young adulthood.
Journal of Child Psychology and Psychiatry, 46, 850–858. https://doi.org/10.1111/j.
1469-7610.2005.01472.x.
Fiorella, L., & Mayer, R. E. (2016). Eight ways to promote generative learning. Educational
Psychology Review, 28, 717–741. https://doi.org/10.1007/s10648-015-9348-9.
Gardiner, J. M., & Hampton, J. A. (1985). Semantic memory and the generation eﬀect:
Some tests of the lexical activation hypothesis. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 11, 732–741. https://doi.org/10.1037/0278-7393.
11.1-4.732.
Gottfredson, L. S. (1997). Why g matters: The complexity of everyday life. Intelligence, 24,
79–132. https://doi.org/10.1016/S0160-2896(97)90014-3.
Grabner, R. H., Stern, E., & Neubauer, A. C. (2006). Individual diﬀerences in chess expertise: A psychometric investigation. Acta Psychologica, 124, 398–420. https://doi.
org/10.1016/j.actpsy.2006.07.008.
Guttman, L. (1965). A faceted deﬁnition of intelligence. Scripta Hierosolymitana, 14,
166–181.
Hänze, M., Schmidt-Weigand, F., & Stäudel, L. (2010). Gestufte Lernhilfen. Innere
Diﬀerenzierung in der Sekundarstufe II. Ein Praxishandbuch für Lehrer/innen (pp. 63–
73). Weinheim.
Hayes, A. F. (2018). Introduction to mediation, moderation, and conditional process analysis
(2nd ed.). New York: The Guilford Press.
Hinze, S. R., & Rapp, D. N. (2014). Retrieval (sometimes) enhances learning: Performance
pressure reduces the beneﬁts of retrieval practice. Applied Cognitive Psychology, 28,
597–606. https://doi.org/10.1002/acp.3032.
Hirshman, E., & Bjork, R. A. (1988). The generation eﬀect: Support for a two-factor
theory. Journal of Experimental Psychology: Learning, Memory, and Cognition, 14,
484–494. https://doi.org/10.1037/0278-7393.14.3.484.
Horn, J. L., & Cattell, R. B. (1966). Reﬁnement and test of the theory of ﬂuid and crystallized general intelligences. Journal of Educational Psychology, 57, 253. https://doi.
org/10.1037/h0023816.
Jäger, A. O. (1982). Mehrmodale Klassiﬁkation von Intelligenzlestungen: Experimentell
kontrollierte Weiterenwicklung eines deskriptiven Intelligenzstrukturmodells.
Diagnostica, 23, 195–225.
Kaiser, I., Mayer, J., & Malai, D. (2018). Self-generation in the context of inquiry-based
learning. Frontiers in Psychology, 9, 2440. https://doi.org/10.3389/fpsyg.2018.
02440.
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§Ë©C@CJE\@_Ezª̈ËvCB@I\>_EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE0EE1EE2E3EE4E5E4EE62
EEEE4EE789
EEEEEEEEE5EE2EEE5E9EE4EEEEE 
 !"#$%& !'()*+,-./0&& 12345%6% 4/60.2./045/&728/8284/64%&4.18292& 0.80.:/6;</2.710/484.=>?@ABC>DEB@EFDGHI?J?KGLEM
+NON58812PQQ7%%0Q+*RROSQT123)*+,*+NON
96.3UV$#0%:.&W/&%XU()**R-80.22/&/..&8850%9 5Y088.&.%8%&/67246%290.10%:.2/4/7.41.0T%0/&4./%& 4%66..2897.&82Y85
15324/62318%2Z?[>@\JE?]E^_[H\AB?@\JEFDGHI?J?KGLE`a(R-bN+cbNS58812PQQ7%%0Q+*+*RdQ**));*bbRS,RbN+
9&7e:28"()*+S-f@_BgB_[\JE_B]]C>C@HCDEB@Eh?>iB@KEjCj?>GE\@_EAICEC]]CHAE?]E>CA>BCg\JEk>\HABHCE(U/28.085.22l./l&:.0283-
36.Xm$n0/YT%07V()*++-o.80.:& .22.&8/6/8.0/6/885..&7%T6.4890.210%:.21.0T%0/&4.%&28/82842.p/2qC\HIB@KE?]EFDGHI?J?KGLErs()-
SNcSd58812PQQ7%%0Q+*++ddQ**SOb)OR++N*+,Od
36.Xmm.%no%1t&2ou.<"$o/628%&#V()*+S-%Y85./%9&8/&721/4& %T0.80.:/610/484./TT.4885.25%08;/&76%& ;8.00.8.&8%&%T
/85./842t&%Y6.7 .^_[H\AB?@\JEFDGHI?J?KGEvCgBCh+c+S58812PQQ7%%0Q+*+**dQ2+*bNO;*+S;*SNOS;p
U//22"X$#/:6t#w"0()*+b-U%7.6& 85.&x9.&4.%TT%0/8/&77.185790& .TT%08T960.80.:/610/484.f@AC>@\AB?@\JE^_[H\AB?@\JEy\A\EzB@B@KE{?HBCAG
U4|/&.6UVV /0Y/6#X9.62.0m"U4|.0%88Xm$o%.7.0www()*++-}.28;.&5/&4.76./0&& &/776.245%%624.&4.46/220%%P}5.
.TT.482%Te9WT0.e9.&43/&716/4..&8Z?[>@\JE?]E^_[H\AB?@\JEFDGHI?J?KGLE~r()-RSS58812PQQ7%%0Q+*+*RdQ/**)+dO)
U4|/&.6UVo%.7.0$U4|.0%88Xm()**d-!.&.0/6W& 8.28;.&5/&4.76./0&& T0%85.6/<%0/8%038%85.46/220%%FDGHI?@?jBHE[JJCAB@EvCgBChLE
~()-)**c)*b58812PQQ7%%0Q+*Rd,OQmu*R+SN*,)
U4|/&.6UV}5%/2onV /0Y/6#XU4|.0%88Xm$o%.7.0()*+R-'9WW& &776.;245%%624.&4.P944.22T9680/&2T.01.0T%0/&4.%&
46/220%%.p/2kkJBC_E?K@BABgCEFDGHI?J?KGLE(R-Rb*cRd)58812PQQ7%%0Q+*+**)Q/41)S+N
U4!0/85"(+Sd*-{?HB\JE\@_EkDGHI?J?KBH\JE]\HA?>DEB@EDA>CDD%68o&.5/08&28%&
U.22&.%!.&86.U$V66.0/U()*+,-}.28;.&5/&4.76./0&& PV&/6322%T/&.p1.0.&4.Y859&7.00/79/8.&902& 2897.&82z EzC_BH\JE^_[H\AB?@LE~a
+O)58812PQQ7%%0Q+*++ObQ2+)S*S;*+,;*NbN;,
U662#//0.2u$.00%&n()**b-V0..:/69/8%&%T85.0%6.%T/&p.83P.6T;.T4/43/&p.83/&785.00.6/8%&8%0./7& /&7628.&& 10%4.&43=?>CBK@E
\@K[\KCE@@\JDLEr`()-)dbc)S,58812PQQ7%%0Q+*++++Q+SNN;Sd)*)**b8<*))bbp
U%t$n5/&()*+b-%Y7%8.282/&729/03Y08& 8/2t2.&5/&4.6%& ;8.00.8.&8%&%T2897.&82Y857TT.0.&86.:.62%T8.28/&p.83
f@DA>[HAB?@\JE{HBC@HCLE(b-,bdc,O+58812PQQ7%%0Q+*+**dQ2++),+;*+b;SRSR;p
30%%2U45.6.w$t69&7;
%0&e:28n()*+b-w16..&8& 8.28.&5/&4.76./0&& PY.7258./45.02897.&821.04.18%&%Te9WW& f@AC>@\AB?@\JEZ?[>@\JE
?]EBKIC>E^_[H\AB?@LEa(N-+c+)58812PQQ7%%0Q+*,NR*Q5.:,&N1+
.6"1.6<.0.0n|$/&2.&|(+SbS-TT.482%T28/8./&p.83/&78/2t7T49683%&4%198.0;/2228.76./0&& Z?[>@\JE?]E^_[H\AB?@\JEFDGHI?J?KGLEME
(,-RNRcR,*58812PQQ7%%0Q+*+*RdQ5**)OR)R
#..0U.& .6t/1n$m/&&.08U()*+b-U.8/4% &8:.97 .&82/&772x9.&43c7%.272x9.&436./78%%0./4490/8.97 .&82<.88.04%&80%6/&7
<.88.01.0T%0/&4.C\>@B@KE\@_Ef@DA>[HAB?@LE(+-R+cN*58812PQQ7%%0Q+*+*+bQ6./0&&28094)*+b*+*+)
o/985/&&"u()*+)-%92/385.1/08327966w2/3826:.63PV4%1%&.&8/6/110%/458%5%Y289/8%&2/0.1.04.:.78%72.&8/& 6.1.04.:.0289/8%&/&7
1.04.:.0289/8%&:/0/&4.{?HB\JEFDGHI?J?KBH\JE\@_EFC>D?@\JBAGE{HBC@HCLEr(,-,+Sc,)O58812PQQ7%%0Q+*++ddQ+SNO,,*b++N)db*S
o/985/&&"u!/66/07%;#9%6|!966/9.U}%77/:.n5.0/&oV.8/6()*+N-}5.89/8%&/658|wVU|PV8/p%&%3%T/%0
7.&2%&2%T289/8%&45/0/48.02842Z?[>@\JE?]EFC>D?@\JBAGE\@_E{?HB\JEFDGHI?J?KGLE~(N-bddcd+O58812PQQ7%%0Q+*+*RdQ/**Rd),*
o..7.0!450//#!U$|0t.&"U(+SdR-80.22/&74/07%:/2496/05./685PV&&8.0&/8%&/64%%1.0/8:.28973w{?HB\JE{HBC@HCEzC_BHB@CE~`MLEE
(O-,dRc,ON58812PQQ7%%0Q+*+*+bQ**Rd;dO,b(dR-S**)b;d
o%.7.0www$X/014t."|()**b-}.28;.&5/&4.76./0&& P}/t& .%038.28210%:.26%& ;8.00.8.&8%&FDGHI?J?KBH\JE{HBC@HCLE~(R-)NSc),,
58812PQQ7%%0Q+*++++Q+Nbd;S)O*)**b*+bSRp
o%.66."$m.085%67X()*+d-TT.482%T&4%01%0/8& 0.80.:/6&8%6./0&& 8/2t2P}5.4%16.p83%T85.8/2t2/88.02C\>@B@KE\@_Ef@DA>[HAB?@LE`(+-+N)c+,b
58812PQQ7%%0Q+*+*+bQ6./0&&28094)*+d*+**O
o%Y6/&7nV()*+NV9 928),-}5.TT.48%T}.28& .0292o.28973%&o.8.&8%&PVU.8/;V&/6384o.:.Y%T85.}.28& TT.48FDGHI?J?KBH\JE[JJCAB@V7:/&4.
%&6&.19<64/8%&58812PQ7%%0Q+*+*RdQ/**Rd,,S
/0/2%&w!(+SON-80.22/&p.83/&74% &8:.&8.0T.0.&4.Po./48%&28%8.282Z?[>@\JE?]EFC>D?@\JBAGE\@_E{?HB\JEFDGHI?J?KGLEM(N-S)S58812PQQ7%%0Q+*+*RdQ
**));R,+NNbNS)S
/0/2%&w!$/0/2%&mo(+SS*-}.28/&p.83\@_??iE?]ED?HB\JE\@_ECg\J[\AB?@E\@BCAGE(11Nd,cNS,-m%28%&UVP10& .058812PQQ7%%0Q+*+**dQSdO;+;
NOSS;),*N;b+b
4596W#456%8W$m.4t.0#()**N-q>BC>C>Ef@gC@A\>E[jEHI>?@BDHIC@E{A>CDDEqf{Eq>BC>EB@gC@A?>GE]?>EHI>?@BHEDA>CDDEqf{¡% 0.T.
459&t|$!//"#(+SO+-!%/6;2.88& &x9.&4.%&6./0&& /&72.6T;.:/69/8%&qICEZ?[>@\JE?]EJ\DD>??jEf@AC>\HAB?@LE~M()-ROcNN
.11m(+SS+-V&p.83/&7/4/7.41.0T%0/&4.PV.8/;/&/6322%T&7& 2@BCAGEvCDC\>HILE(+-)dcN+58812PQQ7%%0Q+*+*O*Q*OS+dddS+*O)NOdb)
%&2"#.62%&|$%&2%5&l()*+)-E~Eh?>_ED?J[AB?@V:/6/<6./8oP58812PQQ220&4%Q/<280/48¢)+b*,OO%058812PQQ7%%0Q+*)+RSQ
220&)+b*,OO
8 &2o"()**+-}5.9&T9666.710%2.%T46/220%%/22.22.&8^_[H\AB?@\JEzC\D[>CjC@AEfDD[CDE\@_EF>\HABHCLE(R-,c+,58812PQQ7%%0Q+*++++Q+dN,;
RSS))**+8<***b,p
80985.02n#.003o#$U.&.4()***-V&.p/&/8%&%T85.0.6/8%&251/%& /4/7.4280.224%1& %8:/8%&/&71.0T%0/&4.&4%66..
vCDC\>HIEB@EBKIC>E^_[H\AB?@LE~(,-,O+c,S)58812PQQ7%%0Q+*+*)RQVP+**d*SNSR+)S)
9& }n5/%}$}2.& u()*+b-o..p/&& 85.0.6/8%&251<.8Y..&8.28/&p.83/&76./0&& /45.:..&8PV&&7:79/6;7TT.0.&4.21.021.48:.
?@ACjk?>\>GE^_[H\AB?@\JEFDGHI?J?KGLEM)N+c),)58812PQQ7%%0Q+*+*+bQ4.712345)*+b*d**+
Y.66.0"$n5/&76.0#(+SSN-532%./8.0/627T49688%6./0&?K@BAB?@E\@_Ef@DA>[HAB?@LE~(R-+O,c)RR58812PQQ7%%0Q+*+)*dQ2+,R)bS*p4+)*R+
W19&/0XXX5/&$45/48.0|()*+R-w&8.01%6/8.7.%038.2820.794.&7Y/&7.0& /&710%:.6./0&& %T%&6&.6.4890.2F>?HCC_B@KDE?]EAICE
£\AB?@\JEH\_CjGE?]E{HBC@HCDE?]EAICE¤@BAC_E{A\ACDE?]EjC>BH\LE~~(+b-bR+RcbR+d58812PQQ7%%0Q+*+*dRQ1&/2+))+dbN++*
}2.n$#9¥()*+)-}5..TT.48:.&.22%T8.28;.&5/&4.76./0&& 7.1.&72%&80/88.28/&p.83/&7Y%0t& ;.%034/1/483Z?[>@\JE?]E^kC>BjC@A\JEFDGHI?J?KGE
kkJBC_LE~s(R-),R58812PQQ7%%0Q+*+*RdQ/**)S+S*
/&!% }$Y.66.0"()*+,-%8&.Y<98&./063T%0%88.&P}5.8.28& .TT.487.40./2.2%0.:.&72/11./02/285.4%16.p83%T6./0&& /8.0/62&40./2.2
^_[H\AB?@\JEFDGHI?J?KGEvCgBChLE()-)Ndc)bN58812PQQ7%%0Q+*+**dQ2+*bNO;*+,;SR+*;p
.22.0<.0n$o.&5/07U;V()*+O-#6%828973%&85.0.6/8%&251%T8.28/&p.838%986W& 2.6T;8.28& &2.6T;0.96/8.76./0&& f@AC>@\AB?@\JEZ?[>@\JE?]E
FDGHI?J?KBH\JE{A[_BCD58812PQQ7%%0Q+*,,RSQ12:+*&N1S,V7:/&4.%&6&.19<64/8%&
.&W.6X$o.&5/07U;V()*+S-o.6/8:.639&&8.66.&8&7:79/627%&%8<.&.8T0%&8.&8%&/6635&7.0.76./0&& P}5.0%6.%T7.20/<6.7T4968.2
f@ACJJBKC@HCLEV0846.+*+N*,58812PQQ7%%0Q+*+*+bQ&8.66)*+S+*+N*,
.&W.6X$o.&5/07U;V()*)*-}.282/&7/4/7.445./8& P|%6./0&& 8/2t2&x9.&4.45./8& <3Y/3%T&./8:..:/69/8%&2{?HB\JEFDGHI?J?KGE?]E
^_[H\AB?@LErd)+cd,R58812PQQ7%%0Q+*+**dQ2++)+O;*)*;*S,,b;*
0.<0& X85&.0""%&22%&m6.t:28%0e:28U$3<.0()*+,-./0&& /85./842Y85%98/29 .28.72%698%&.85%7P|90/<6..TT.482
%&1.0T%0/&4./&7<0/&/48:83q>C@_DEB@E£C[>?DHBC@HCE\@_E^_[H\AB?@LE(+c)-bc+N58812PQQ7%%0Q+*+*+bQ8&.)*+,*R**)
%&  !"#}.1.6}$()*+S-o.80.:/610/484..&5/&4.2/&/6% 4/610%<6.2%6:& Z?[>@\JE?]E^kC>BjC@A\JE^_[H\AB?@LEs(+-
+)Oc+RO58812PQQ7%%0Q+*+*O*Q**))*SdR)*+d+N*S+O,
¦.&&.0n.00&6.<.&;X90W$/6/45()*+N-U&7T96&.22;</2.7&8.0:.&8%&2&245%%62V2328./840.:.Y/&7.8/;/&/6322=>?@ABC>DEB@EFDGHI?J?KGLEa
b*R58812PQQ7%%0Q+*RROSQT123)*+N**b*R



TAKING A CLOSER LOOK AT THE DESIRABILITY OF DESIRABLE DIFFICULTIES

164

APPENDIX E

Wenzel, K., & Reinhard, M.-A. (2020). Tests and academic cheating: do learning tasks
influence cheating by way of negative evaluations?. Social Psychology of
Education, 23(3), 721–753. https://doi.org/10.1007/s11218-020-09556-0

This is the final article version published by Springer Nature in Social Psychology of
Education available online: https://link.springer.com/article/10.1007/s11218-020-09556-0

Social Psychology of Education (2020) 23:721–753
https://doi.org/10.1007/s11218-020-09556-0

Tests and academic cheating: do learning tasks inﬂuence
cheating by way of negative evaluations?
Kristin Wenzel1 · Marc-André Reinhard1
Received: 22 August 2019 / Accepted: 9 April 2020 / Published online: 27 April 2020
© The Author(s) 2020

Abstract
Desirable diﬃculties like tests were often shown to increase long-term learning.
However, due to the complexity and diﬃculty of such tasks, they are also argued to
result in negative consequences like stress, anxiety, pressure, frustration, or negative evaluations. In other studies, such consequences were, in turn, often found to
increase dishonest behaviour. Hence, the present work tests the assumptions that
tests as diﬃcult learning tasks, contrary to reading, lead to more negative evaluations of the learning situations, to more stress, and—directly and indirectly—to
higher self-reported likelihoods of hypothetical cheating and to higher justiﬁcations
for cheating. Thus, the learning situation itself, as well as negative consequences
caused by the learning situation, is supposed to be linked to cheating. We conducted
an online study in which participants read and imagined one of three hypothetical
learning scenarios, either regarding one of two learning tests or a reading control
task. Participants then rated negative consequences due to these scenarios, as well
as likelihoods of cheating, and justiﬁcations for it, in a hypothetical examination.
Our results showed no direct eﬀects of the learning scenarios on likelihoods of
hypothetical cheating or justiﬁcations. However, test scenarios were evaluated more
negatively than the reading control scenario and these higher negative evaluations
were in turn linked to higher likelihoods of own hypothetical cheating and to higher
justiﬁcations. These ﬁndings indicate that tests as diﬃcult learning tasks can indirectly inﬂuence cheating, at least in hypothetical scenarios. Future work should try
to replicate and expand these results.
Keywords Tests · Cheating · Academic dishonesty · Desirable diﬃculties · Negative
evaluations · Stress perceptions
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1 Introduction
Challenging, diﬃcult, and intentionally hindered learning tasks have often been
shown to increase long-term learning outcomes compared to learning and processing that is ﬂuent, easy, and simple, even though learners and lecturers normally assume the contrary (e.g., Bjork 1994; Bjork and Bjork 1992, 2011; Diemand-Yauman et al. 2011; Dobson and Linderholm 2015; Karpicke et al. 2009;
Kornell et al. 2011). Previous work describes multiple incantations of such diﬃcult learning tasks, for instance, generation (e.g., Bertsch et al. 2007), distributed
practice (e.g., Cepeda et al. 2006), or disﬂuency (e.g., Diemand-Yauman et al.
2011). One of the most common desirable diﬃculties—and part of the present
work—is, however, the application of learning tests or quizzes (also often called
testing eﬀect, testing, learning/practice tests, test enhanced learning, or retrieval
practice): Taking a learning test on studied materials, after an initial study opportunity but before the ﬁnal test or examination, increases retrieval of the learned
information and enhances durable long-term learning as opposed to passively
consumed and read materials (e.g., Adesope et al. 2017; Dobson and Linderholm
2015; McDaniel et al. 2007; Roediger and Karpicke 2006; Rowland 2014). These
beneﬁcial eﬀects of tests were found in diﬀerent settings (e.g., in laboratory,
school, or university settings), for diﬀerent ages (e.g., elementary school students,
high school students, or university students), when using a broad array of materials or information (e.g., longer scientiﬁc textbook paragraphs, factual information, or lists of word-pairs like vocabulary), and when applying varying test question formats (e.g., multiple choice or short-answer questions inducing free recall,
cued recall, or recognition; e.g., Adesope et al. 2017; Dobson and Linderholm
2015; Dunlosky et al. 2013; Roediger and Karpicke 2006; Rowland 2014).
Theoretically, the beneﬁcial eﬀects of desirable diﬃculties are attributed to
stimulation of more elaborate cognitive processing, deeper semantic encoding,
allocation of more resources, increased retention and transfer, strengthening of
memory traces and associations, and anchoring of the learned information in
long-term memory (e.g., Bjork 1994; Bjork and Bjork1992, 2011; Dunlosky et al.
2013; McDaniel et al. 1988; McNamara et al. 1996; Roediger and Karpicke 2006;
Rowland 2014). Higher applied (cognitive) eﬀort during retrieval and processing, increased quality and depth of processing and encoding (induced by retrieval
attempts), higher amounts of cognitive capacities and resources utilized during
information processing and retrieval, higher eﬀort needed to solve the tasks, as
well as generally higher diﬃculty and eﬀort induced by both the test and the
underlying retrieval practice are especially valuable for the positive eﬀects of
desirable diﬃculties (e.g., Bertsch et al. 2007; Bjork and Bjork 1992; Karpicke
and Roediger 2007; Rowland 2014; Tyler et al. 1979). Diﬃcult tasks also reduce
learners’ existing overconﬁdence and their illusion of competence, which otherwise convey the mistaken assumption that read information is already internalized: The learning test and the—due to the test—reduced competence illusion
also enhance meta-cognitive accuracy of the hitherto learning process, in turn
triggering the allocation of more resources and deeper, more elaborate, and more
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systematic processing (e.g., Alter et al. 2007; Bjork 1999; Mihalca et al. 2017;
Pieger et al. 2016).
Nonetheless, although desirable diﬃculties are argued to be beneﬁcial, they are
also by deﬁnition demanding, complicated, and challenging. Thus, lecturers in particular often express concern about the applicability and eﬀectiveness of such intentionally hindered learning tasks for every individual (e.g., Diemand-Yauman et al.
2011; Lipowsky et al. 2015). In line with these concerns of lecturers, researchers
also proposed that desirable diﬃculties are only beneﬁcial for those individuals
who can handle the needed increased eﬀort, extended thought, and more elaborated
and deeper processing, and for those who can correctly retrieve information and
overcome the posed challenge (e.g., Alter et al. 2013; Kaiser et al. 2018; Kornell
et al. 2011; Oppenheimer and Alter 2014; Richland et al. 2005; Rowland 2014).
This, however, may not prove possible for everyone: Previous studies, for instance,
showed that special requirements like higher previous knowledge, higher working
memory capacity, higher intelligence, and higher reading ability are relevant skills
for desirable diﬃculties to actually increase learning outcomes (e.g., Lehmann et al.
2016; McDaniel et al. 2002; McNamara et al. 1996; Wenzel and Reinhard 2019a).
Hence, it is argued that desirable diﬃculties are not beneﬁcial for every learner.
Notably, apart from that, we assume that diﬃcult tasks used in learning contexts
could also result in further negative side-eﬀects: For instance, diﬃcult learning tasks
can sometimes pose too much additional demand (regarding, for instance, cognitive
capacities, processing capacities, cognitive eﬀort, or working memory capacities)
as well as too much cognitive load on the learner, especially concerning authentic and more complex tasks and high element interactivity information (this applies
in particular to learners with less expertise; see e.g., Kalyuga et al. 2001; Roelle
and Berthold 2017; Sweller and Chandler 1994; van Gog and Sweller 2015; Wenzel and Reinhard 2019a). Because desirable diﬃculties are hard to solve and challenge learners’ competence illusion and overconﬁdence (e.g., Bjork 1999), they are
also assumed to reduce self-eﬃciency and to increase negative emotions, pressure,
or fear of failure: Empirically, diﬃcult tasks in general trigger perceptions of threat
or anxiety and experiencing diﬃculties or giving incorrect answers feeds negatively
into learners’ self-perceptions (e.g., O’Neil et al. 1969; Sarason and Sarason 1990;
Schunk and Gaa 1981). Besides, performing poorly—which can happen while working on desirable diﬃculties—leads to experiencing stress (e.g., Sarason and Sarason 1990; Schunk and Gaa 1981). Students also perceived diﬃcult learning tasks
and tasks that required more time and eﬀort—and thus more workload—as more
stress-inducing than easier tasks (e.g., Kausar 2010). Moreover, a laboratory study
showed that learning tests resulted in more experienced pressure compared to a rereading control task, even controlling for participants’ dispositional anxiety (Hinze
and Rapp 2014). Tests with high-stakes—induced by stating that monetary rewards
were dependent of individuals’ test results—were perceived as even more pressuring
than tests with low-stakes in which monetary rewards were independent of individuals’ test results. Thus, individuals felt some pressure simply from taking learning
tests. Additionally, high-stake learning tests led to more anxiety than did low-stake
tests and also negatively inﬂuenced participants’ attitudes and interests (Hinze and
Rapp 2014). Fittingly, participants in a laboratory setting that learned with a test,
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compared to students that learned through reading the same information, evaluated
the learning situation as more negative and experienced more stress and anxiety,
even controlling for individual diﬀerences like trait stress and trait anxiety (Study
2, Wenzel and Reinhard 2019b). Moreover, due to the increased eﬀort and the challenge learners must overcome when working with desirable diﬃculties in their
courses, they are also argued to feel treated unfairly by their lecturers, in particular
because they normally believe easy and ﬂuent learning to be more eﬀective (e.g.,
Karpicke et al. 2009; Kornell et al. 2011). Hence, we assume that diﬃcult learning
tasks should feel especially hard, pointless, and unfair.
Most important, these just described negative consequences (like stress, anxiety, or feelings of unfairness) were in other literature often assumed to be related to
deceptive behaviour like academic cheating (e.g., Agnew 1992; Houser et al. 2012;
Wowra 2007; see also the following paragraphs). Hence, applying desirable diﬃculties as learning tasks in universities could, directly and indirectly, cause more academic cheating and increase justiﬁcations for such cheating.
1.1 Academic cheating
People generally value honesty, trustworthiness, and credibility (e.g., Geißler
et al. 2013), which is why they often refuse to admit their own cheating—or at
least underreport it. Nonetheless, cheating behaviour can be observed throughout
our daily lives (e.g., DePaulo et al. 1996; Feldman et al. 2002) and speciﬁcally in
academic contexts (e.g., Finn and Frone 2004; McCabe 2001; McCabe et al. 2001;
Simha and Cullen 2012; Whitley 1998). In one American survey, for instance, 74%
of the participating students reported having seriously cheated on at least one test,
while over 30% admitted repetitive and serious cheating in tests and exams (McCabe
2001; see also: Simha and Cullen 2012; Whitley 1998; Wowra 2007). However,
actual numbers of academic cheating may be even higher because previous studies found imbalances between what students reported and what teachers actually
observed in terms of cheating behaviour (e.g., Naghdipour and Emeagwali 2013).
Typical incantations of such cheating behaviour in academic contexts include using
cheat sheets in exams, copying answers in tests, relying on inappropriate collaboration during exams, or plagiarism (e.g., Jensen et al. 2002; Simha and Cullen 2012;
Whitley 1998).
In general, diﬀerent theories regarding cheating and deception do exist, very common theories being economic models like the rational choice theory (e.g., Akers
1990; Becker 1968) or the strain theory (e.g., Agnew 1992; Agnew and White 1992;
Carmichael and Piquero 2004).
1.1.1 The rational choice theory
The rational choice theory describes the assumption that individuals decide whether
or not to cheat after assessing possible gains or costs of such behaviour. Hence, the
expected utility due to a cost–beneﬁt calculation is important (e.g., Becker 1968). Dishonesty is mostly shown when the (for instance) ﬁnancial or social gains of cheating
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outweigh the costs of such behaviours, such as feelings of guilt and immorality or
facing the consequences of getting caught. Potential gains of cheating in tests would
include getting better grades, achieving better results with less eﬀort, or making a
good impression on others. However, people are also motivated to maintain a positive self-concept depicting themselves as moral, trustworthy, and honest (e.g., Abeler
et al. 2019; Fischbacher and Föllmi-Heusi 2013; Mazar et al. 2008; Shalvi et al. 2011).
Thus, individuals show higher degrees of dishonest behaviour when they feel entitled,
deserving, or justiﬁed to do so (e.g., Cameron et al. 2008; Campbell et al. 2004; Fida
et al. 2018; Mazar et al. 2008; Shalvi et al. 2011, 2015). Individuals can feel justiﬁed
or entitled to behave dishonestly when, for instance, they can excuse deviant behaviour
through denying their own responsibility (e.g., by blaming external forces like excessive workload), through criticising those who are at the receiving end of their dishonesty (e.g., by blaming them as unfair or unethical), or through rationalizing/normalizing
their cheating behaviour (e.g., by stating that everybody cheats; see e.g., Olafson et al.
2013).
1.1.2 The strain theory
The strain theory further assumes that criminal or dishonest behaviour is inﬂuenced
by negative aﬀective states that result from perceived strain, strainful experiences, or
stressors. Strain thereby includes failing to achieve, or being denied achieving, positive outcomes (like good grades); expecting or actually experiencing negative stimuli;
perceiving a disjunction between aspirations or expectations and actual achievements/
rewards; and experiencing a disjunction between fair or just outcomes and actual outcomes (e.g., Agnew 1992). The resulting negative emotions can, for instance, be anger
or anxiety (e.g., Carmichael and Piquero 2004). Researchers assume that, when faced
with strains, stressors, or stressful situations, perceptions of frustration and unfairness
arise, which in turn are crucial mechanisms for the link between strain and dishonest
behaviour (e.g., Agnew 1992; Agnew and White 1992; Freiburger et al. 2017).
Instead of being contradictory theories, researchers today often propose that both
theories together may explain dishonesty, cheating, and deviant behaviour. Negative
emotions and strain can inﬂuence how rational choices are interpreted, thus inﬂuencing
individuals’ cost–beneﬁt calculations: For instance, negative emotions can reduce individuals’ concerns of getting caught, thereby reducing the costs of potential dishonesty;
negative emotions can also increase individuals’ justiﬁcations and rationalizations for
their dishonest behaviour (e.g., Carmichael and Piquero 2004; Fida et al. 2015, 2018).
In line with this, negative emotions induced by stressors can also increase individuals’ perceptions of the importance of potential beneﬁts or the importance of rewards
gained by their deceptive behaviour (e.g., Carmichael and Piquero 2004; Fida et al.
2015, 2018).
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1.2 Direct and indirect eﬀects of tests as diﬃcult learning tasks on academic
cheating
Notably, the above described negative consequences of desirable diﬃculties in the
learning context (e.g., stress, anxiety, perceptions of unfairness) ﬁt the just presented theories explaining dishonesty and academic cheating. Thus, a direct relation
between tests as an incantation of desirable diﬃculties and academic cheating, as
well as an indirect relation between tests, thereby inﬂicted negative consequences
(e.g., stress, anxiety, perceptions of unfairness), and academic cheating can be
assumed.
For instance, worries about doing well in school, getting good grades, teachers’
evaluations, and about the own performance compared to the performance of peers
were positively correlated to cheating (e.g., Anderman et al. 1998). Thus, students
often cheat to increase their performance and to make a good impression on others (e.g., Franklyn-Stokes and Newstead 1995; Newstead et al. 1996; Wowra 2007).
Fear of not being able to succeed, an inability of keeping up with the assignments,
lower self-eﬃciency, and fear of failure were also linked to more academic cheating and often reported as reasons for (past) cheating (e.g., Finn and Frone 2004;
McCabe 1992; Schab 1991; Whitley 1998). Notably, as described before, we suppose that tests as diﬃcult learning tasks increase such perceptions of performing
poorly and fear of failure because they are diﬃcult, hard to solve, and because they
reduce learners’ illusion of competence and reduce their overconﬁdence.
Test anxiety, social anxiety, and general anxiety were also positively correlated
to (past) academic cheating (e.g., Rost and Wild 1994; Whitley 1998; Wowra 2007).
Stress, parental pressure, pressure for good grades, and pressure in general were also
often found to be linked to cheating or were reported as reasons and incentives for
such dishonest behaviour (e.g., Brimble and Stevenson-Clarke 2005; Davis et al.
1992; Schab 1991; Whitley 1998). A study by Steininger et al. (1964) further showed
that the more negative a (test) situation was perceived, the more anxiety-provoking it
was; or, the more a test was perceived as diﬃcult, the more cheating was considered
as justiﬁed and the more participants reported that they would cheat. Negative emotions due to stressors—and we suppose learning tests to be acute stressors—were
further correlated to more moral disengagement in the work context, and in turn
to more justiﬁcations for deceptive or counterproductive work behaviour (e.g., Fida
et al. 2015). Such moral disengagement and justiﬁcations thus increased deceptive
or counterproductive work behaviour (e.g., Fida et al. 2015), which could also apply
to deception in the academic context. Notably, as described before, tests and diﬃcult
learning tasks were shown to increase such negative emotions and perceptions of
stress, anxiety, and pressure (e.g., Hinze and Rapp 2014; O’Neil et al. 1969; Study
2, Wenzel and Reinhard 2019b).
Furthermore, students’ perceptions of the course or assessments as (too) difﬁcult increased academic misconduct (e.g., Brimble and Stevenson-Clarke 2005;
Freiburger et al. 2017), and the diﬃculty of the course was sometimes described
as one reason to justify, rationalize, or neutralize cheating behaviour (e.g., Haines
et al. 1986). In line with this, higher workload was also linked to more cheating
(e.g., McCabe 1992; Whitley 1998). Similarly, participants who thought they had

13

Tests and academic cheating: do learning tasks inﬂuence…

727

indulged in more eﬀort in a task felt more entitled and felt that they had earned
good outcomes, like higher grades, which in turn led to more moral justiﬁcations
(e.g., Hoﬀman and Spitzer 1985). Notably, tests as incantations of desirable diﬃculties are, even by deﬁnition, diﬃcult and they logically increase learners’ eﬀort and
workload. Thus, we suppose that these ﬁndings should also apply to tests as diﬃcult
learning tasks.
Another study showed that the more a test situation was perceived as pressuring
and as uncomfortable, that is, the more it was perceived as a high-pressure situation, the more unfair the testing tool was perceived (Leiner et al. 2018). Because
most learners often believe easier and ﬂuent learning to be extremely eﬀective (e.g.,
Karpicke et al. 2009; Kornell et al. 2011), we assume that they should perceive difﬁcult tasks like tests and the increased eﬀort they require as unfair and generally as
negative, especially when they are forced to use tests in their university courses. In
turn, students often reported that they would cheat more and that cheating was more
justiﬁed when they perceived their teachers, the teaching practices, or the assessments as unfair and their schools as extremely competitive (e.g., Brimble and Stevenson-Clarke 2005; Calabrese and Cochran 1990; Finn and Frone 2004; LaBeﬀ
et al. 1990; McCabe 1992; Olafson et al. 2013; Whitley 1998). Fittingly, people who
generally thought they were being treated unfairly were more inclined toward dishonesty (e.g., Houser et al. 2012) and perceived inequity was linked to more deceptive behaviour (e.g., Greenberg 1990).
1.3 The present research
In summary, the just described theoretical assumptions and the ﬁtting empirical
ﬁndings indicate that the application of tests as diﬃcult learning tasks can directly
or indirectly (via increasing negative consequences like perceptions of stress, anxiety, or feelings of unfairness) lead to more academic cheating. In more detail, difﬁcult learning tests were argued to result in negative consequences like more stress,
more negative perceptions and emotions, or more feelings of unfairness. These negative consequences were in turn often found to be linked to more cheating, more
intentions to cheat, and to more justiﬁcations for cheating. Hence, the present work
was conducted to test these theoretically derived direct and indirect eﬀects of tests as
diﬃcult learning tasks on students’ academic cheating.
Notably, there are to our knowledge neither studies exploring academic cheating
as a result of tests as diﬃcult learning tasks nor studies exploring academic cheating as a result of negative consequences like stress perceptions and negative situation evaluations caused by tests. Most of the existing studies regarding desirable
diﬃculties focused on individual abilities or external factors serving as moderators
or requirements for the described beneﬁcial eﬀects (see e.g., Adesope et al. 2017;
Dobson and Linderholm 2015; Rowland 2014). However, the main focus was seldom on further negative consequences beyond reduced or restricted learning success and seldom on further triggered behaviour like cheating. We nonetheless argue
that it is important to focus on these (new) assumptions because academic cheating can be seen as a widespread and problematic behaviour, even though students
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themselves normally perceive cheating during an exam as having rather light consequences (because it is perceived as not directly harming others; e.g., Brimble and
Stevenson-Clarke 2005; Marksteiner et al. 2013). For instance, due to cheating on a
test, teachers cannot accurately grade students and can therefore not appropriately
support their learning processes or help them to increase their skills (e.g., Reinhard
et al. 2011). Students who enhance their performance through cheating can also gain
an unfair and undeserved advantage compared to others, distort the performance
succession in a class, increase competition, trigger peer cheating, and even normalize dishonest behaviour (e.g., Carrell et al. 2008; Fida et al. 2018; Gino et al. 2009;
McCabe et al. 2001; Paternoster et al. 2013). Dishonesty in an academic setting is
also often linked to further dishonesty in later workplaces (e.g., Nonis and Swift
2001). Due to these negative impacts of academic cheating and due to the lack of
previous work, we think that it is relevant to investigate if the application of tests
as diﬃcult learning tasks directly or indirectly increases the probability of cheating
before advising the usage of such learning tasks in universities. Hence, the present
study uniquely contributes to the literature on desirable diﬃculties and to the literature on cheating behaviour.
To measure dishonest behaviour, researchers often use scenarios because these
are assumed to accurately mirror emotions, intentions, and behaviours of individuals in diﬀerent situations (e.g., Agnew 1992; Carmichael and Piquero 2004; Shu
et al. 2011). Thus, we conducted an online study with the learning scenario condition (divided in one reading control scenario condition and two test scenario conditions) as the between-subjects variable. We further assessed individuals’ negative
evaluations of the learning scenarios as well as their stress perceptions in such imagined situations as two potential mediators. Self-reported likelihoods of hypothetical
cheating and justiﬁcations for cheating served as our dependent variables.

1.4 Hypotheses
Due to the argumentations presented above, we assume the following hypotheses
(see Fig. 1 for a conceptual diagram of the assumed relations): We suppose that
both learning scenario conditions with tests lead to more negative evaluations of
the learning situations (Hypothesis 1) and to higher stress perceptions (Hypothesis 2) than the reading control learning scenario condition. Both learning scenario
conditions with tests are further assumed to directly lead to higher likelihoods of
hypothetical cheating than the reading control learning scenario condition (Hypothesis 3). The negative evaluations of the learning situations are also hypothesized
to be positively correlated to likelihoods of hypothetical cheating (Hypothesis 4).
In line with this, stress perceptions are further assumed to be positively correlated
to likelihoods of hypothetical cheating (Hypothesis 5). Moreover, we assume that
both learning scenario conditions with tests directly lead to higher justiﬁcations for
hypothetical cheating than the reading control learning scenario condition (Hypothesis 6). The negative evaluations of the learning situations are also hypothesized
to be positively correlated to justiﬁcations for cheating (Hypothesis 7). In line with
this, stress perceptions are assumed to be positively correlated to justiﬁcations for

13

Tests and academic cheating: do learning tasks inﬂuence…

729

Negative
Evaluations
M1
H1

H3 / H6

X
Learning
Scenario
Condition

H4 / H7
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M2
Stress
Perceptions
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score)
Fig. 1 Conceptual diagram of the assumed hypotheses. Notes. The learning scenario condition (X)
includes a reading control scenario, a test with private results learning scenario, and a test with public
results learning scenario

cheating (Hypothesis 8). Thus, apart from direct eﬀects of the learning scenario condition on likelihoods of hypothetical cheating and on justiﬁcations for cheating, indirect eﬀects via increases of the negative evaluations of the learning situations and
via increases of stress perceptions are also assumed.

2 Methods
2.1 Participants
Power was set to .95 and sample size was calculated to detect a small to medium
eﬀect (f = .20). Using G*Power (Faul et al. 2009), a power analysis revealed a
required sample size of N = 390 to detect a signiﬁcant eﬀect (alpha level of .05),
given there is a true eﬀect. To test our hypotheses, we recruited an American
online sample consisting of 458 participants, 53 of whom were excluded because
they answered at least one of three attention-check questions incorrectly. Thus,
our ﬁnal sample consisted of N = 405 participants from MTurk (Mage = 25.72,
SDage = 6.65, range = 18–62, 48.4% female, 97.3% English native speakers,
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all college or university students). Each participant was randomly assigned to one
of the three learning scenario conditions: either the test with public results learning
scenario condition (n = 129), the test with private results learning scenario condition
(n = 136), or the reading control learning scenario condition (n = 140). Before starting the experiment, all participants had to provide their approval through reading
and then agreeing to an informed consent (stating that they knew that their participation was completely voluntary and that they could withdraw at any time without
explanation); participants also conﬁrmed that they were at least 18 years old. The
study was conducted in accordance with the Ethical Guidelines of the DGPs as well
as the APA, and the project was approved by the Ethics Committee aﬃliated with
the funding source. Participants received .60$ for their participation.

2.2 Procedure and measures
The present work was conducted together with another study (concerning desirable
diﬃculties, trait variables potentially linked to perceptions of such diﬃcult learning
situations, and by desirable diﬃculties caused stress experiences; Study 1, Wenzel
and Reinhard 2019b). Our dependent variables assessing likelihoods of hypothetical
cheating and justiﬁcations for cheating were assessed at the end of this other study.
At the beginning, participants read brief details about the study and then
answered some questions regarding demographics, e.g., age, gender, and native
language. Thereafter, diﬀerent trait variables (e.g., trait test anxiety and trait stress)
were assessed solely for the other study (Study 1, Wenzel and Reinhard 2019b; academic self-concept: Dickhäuser et al. 2002; PAF-E: Hoferichter et al. 2016; PSS:
Cohen et al. 1983; SSS: Reeder et al. 1973). Although these dispositional variables
may be related to the dependent variables of the present work, they will not be
included in the analyses because dispositional variables were—unlike the direct and
indirect eﬀects of the learning situations—not the focus of the present study.
Participants were then randomly assigned to one of the three learning scenario
conditions. As an example, the test with public results learning scenario condition,
including the instructions, reads as follows:
This is a potential scenario that could happen in your daily life as a student.
We would like to ask you to transport yourself in the situation, and to imagine it as strongly as you can. Imagine that you are a student in college and
have lots of exams to write. During one of your majors your professor tries
to increase your and your fellow students learning success, and enhance your
chance to pass the exam. Therefore, half an hour before the end of every session you write an ungraded test, and answer multiple questions concerning the
content of that session. Once the half an hour is up you can go home. Shortly
following every session all students receive an e-mail with the matriculation
numbers of everyone, and their test results, ranking from best to worst.
In the test with private results learning scenario condition, in which stakes should
be perceived as even lower, participants read a slightly diﬀerent scenario and were
instructed to imagine that each student received the test results individually via
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e-mail. In contrast, in the reading control learning scenario condition, the imagined
process was that the professor would hand the students a summary of all relevant
materials to read. See “Appendix A” for all three learning scenarios.
To follow, participants answered questions concerning their perceptions and
evaluations of the imagined learning scenario, e.g., regarding diﬃculty, unfairness, inappropriateness, anger, or injustice. This concluded in an overall negative
evaluations of the learning situations score using ten items (α = .89; e.g., How (un)
just did you ﬁnd the described and imagined way of learning in the situation?, one
(extremely unjust)—seven (extremely just)) on a seven-point Likert-like scale from
one (lower scores) to seven (higher scores). Some of the items were reverse coded
(e.g., participants were asked how fair they thought the learning in the scenario
was). See “Appendix A” for a full list of all items, information about which items
were recoded, and the complete scale labelling. We also added three—later not analysed—positive control items (e.g., asking for the perceived helpfulness or successfulness of such learning tasks) so that it was not completely clear that we wanted to
assess an overall negative evaluations score. We added these positive control items
because we wanted to avoid being too obvious, being potentially suggestive, or to
unintentionally inﬂuence participants’ later responses. Participants were also asked
about their situational stress perceptions in such an imagined learning scenario
using the Perceived Stress Questionnaire (PSQ; Levenstein et al. 1993) that consists
of 30 items (α = .95; e.g., You feel tense) on a four-point Likert-like scale from one
(almost never) to four (usually).
Subsequently, participants were told to again put themselves in the aforementioned scenario and to read the following statement regarding a hypothetical
examination:
While preparing for the exam you took little notes and prepared a crib sheet
you only wanted to use for your learning. Now imagine that you are in class
with your fellow students writing the exam. Thinking about the answer to
question number one you suddenly realize that the crib sheet you used to practice is still in your pocket.
Participants were then asked how likely it was for them to use the crib sheet to
cheat on the exam (cheating item 1: likelihoods own spontaneous cheating) and how
justiﬁable that was (cheating item 2: justiﬁcations own spontaneous cheating). Then,
participants had to rate how likely it was for someone else to use the crib sheet to
cheat on the exam (cheating item 3: likelihoods others’ spontaneous cheating) and
how justiﬁable that was (cheating item 4: justiﬁcations others’ spontaneous cheating). Participants were then asked how likely it was for them to intentionally prepare
a cheat sheet with the aim to use it during the exam (cheating item 5: likelihoods
own prepared cheating) and how justiﬁable that was (cheating item 6: justiﬁcations
own prepared cheating). They also reported how likely it was for someone else to
intentionally prepare a cheat sheet with the aim to cheat during the exam (cheating
item 7: likelihoods others’ prepared cheating) and how justiﬁable that was (cheating item 8: justiﬁcations others’ prepared cheating). These eight cheating items—
four likelihoods items and four justiﬁcations items—were answered on a seven-point
Likert-like scale from one (not likely at all/not justiﬁable at all) to seven (extremely
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likely/extremely justiﬁable). See “Appendix A” for a full list of the items. In line
with previous research (see e.g., Greene and Saxe 1992; Messick et al. 1985; Shu
et al. 2011), we added items distinguishing between likelihoods and justiﬁcations
for own hypothetical cheating behaviour and likelihoods and justiﬁcations for hypothetical cheating behaviour of other people. Because these cheating items were
newly created for our study, we ran factorial analyses to test the underlying number
of factors before testing our hypotheses. Regarding the four likelihoods of cheating
items, the factor analysis yielded two factors: Factor 1 consisted of the two items
regarding the likelihoods of own cheating (average score of the two items: likelihoods own cheating, α = .86) and factor 2 consisted of the two items regarding the
likelihoods of others’ cheating (average score of the two items: likelihoods others’
cheating, α = .84). The second factor analysis was conducted with the four justiﬁcation for cheating items and resulted in one factor (average score across the four
items: justiﬁcations for cheating, α = .95). A detailed description of the two factor
analyses and the respective tables depicting the loadings of the factor analyses are
available in “Appendix B”.
In the end, we measured general control variables (e.g., if participants had really
imagined the read scenarios, if they understood the text, or how strongly they were
able to put themselves in the learning scenarios). For instance, one item reads, Did
you understand the described scenario?, and it was rated from one (No, not at all) to
seven (Yes, completely). See “Appendix A” for a list of these items. We also included
manipulation check questions regarding cheating (e.g., how important grades are
for the participants, if they think they can improve their results through cheating,
how likely it was to get caught in the imagined scenario, how likeable they rated
the imagined lecturer in the scenario, and if they held negative or positive attitudes
towards cheating). For instance, one item reads, How likeable would you rate your
professor?, rated from one (absolutely unlikeable) to seven (extremely likeable). See
“Appendix A” for a list of these items. These manipulation check questions were
included to test for diﬀerences among participants in the three learning scenario
conditions.

2.3 Statistical analyses
To test our hypotheses, we conducted three mediation analyses using PROCESS
(Hayes 2018; model 4). Due to the factor analysis that yielded two factors for likelihoods of hypothetical cheating—one for own cheating behaviour and one for others’ cheating behaviour—we conducted two analyses to test the hypotheses that
concern likelihoods of hypothetical cheating (e.g., predicting the inﬂuence of the
learning scenario condition on likelihoods of hypothetical cheating as well as linkages between negative evaluations of learning situations and stress perceptions with
likelihoods of cheating; Hypotheses 3, 4, and 5).
The ﬁrst mediation analysis used likelihoods of own cheating (testing Hypotheses
1, 2, 3a, 4a, and 5a), the second mediation analysis used likelihoods of others’ cheating (testing Hypotheses 3b, 4b, and 5b), and the third mediation analysis used justiﬁcations for cheating (testing Hypotheses 6, 7, and 8) as the respective dependent
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variable. All three mediation analyses used the learning scenario condition as the
independent variable and participants’ negative evaluations of the learning situations
as well as participants’ stress perceptions as two potential mediators. The learning
scenario condition was dummy coded (X1: 1 = tests with private results learning
scenario condition; X2: 1 = tests with public results learning scenario condition; reference category: reading control scenario condition). The mediator variables were
z-standardized. To avoid unnecessary repetitions, only the description of the ﬁndings of the ﬁrst mediation analysis will include the inﬂuence of the learning scenario
condition on the two mediators, thus, on the negative evaluations of the learning
situations and on participants’ stress perceptions (testing Hypotheses 1 and 2).

3 Results
Neither participants’ gender distribution nor their age diﬀered among the three
learning scenario conditions (both ps ≥ .230). The general control variables and the
manipulation check questions regarding cheating also did not diﬀer among the three
learning scenario conditions (all ps ≥ .091). Only participants in the test with public
results learning scenario condition rated the lecturer as more dislikeable than participants in the other two learning scenario conditions (both ps ≤ .001).
The descriptive statistics of the negative evaluations of the learning situations,
stress perceptions indicated by PSQ scores, likelihoods of own cheating, likelihoods
of others’ cheating, and justiﬁcations for cheating are presented in Table 1. Notably,
likelihoods of others’ hypothetical cheating were rated as signiﬁcantly higher than
likelihoods of own hypothetical cheating (p < .001).
The correlations among participants’ negative evaluations of the learning situations, stress perceptions (PSQ), likelihoods of own hypothetical cheating, likelihoods of others’ hypothetical cheating, and justiﬁcations for cheating are depicted
in Table 2. Notably, the negative evaluations of the learning situations were signiﬁcantly correlated to participants’ likelihoods of own cheating (r = .19, p < .001) and
to participants’ justiﬁcations for cheating (r = .16, p < .001). The PSQ scores indicating stress perceptions were signiﬁcantly correlated to likelihoods of others’ cheating
(r = .14, p = .006).

Table 1 Descriptive statistics
of the negative evaluations of
the learning situations, stress
perceptions (PSQ), likelihoods
of own cheating, likelihoods
of others’ cheating, and
justiﬁcations for cheating

Variables

M

SD

Range

Negative evaluations of the
learning situations

3.58

1.15

1.00–7.00

Stress perceptions (PSQ)

2.21

.63

1.00–4.00

Likelihoods own cheating

2.29

1.55

1.00–7.00

Likelihoods others’ cheating

4.21

1.46

1.00–7.00

Justiﬁcations for cheating

2.32

1.55

1.00–7.00

N = 405
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Table 2 Correlations among
the negative evaluations
of the learning situations,
stress perceptions (PSQ),
likelihoods own cheating,
likelihoods others’ cheating, and
justiﬁcations for cheating

1.

2.

1. Negative evaluations of the
learning situations

1

2. Stress perceptions (PSQ)

.50** 1

3. Likelihoods own cheating

.19** .08+

4. Likelihoods others’ cheating .04
5. Justiﬁcations for cheating
+

3.

4.

5.

1

.14** .36** 1

.16** .08

.86** .33** 1

p < .10, *p < .05, **p < .01, Two-tailed. N = 405

3.1 Likelihoods own hypothetical cheating (Hypotheses 1, 2, 3a, 4a, and 5a)
Results of the ﬁrst mediation analysis (see Fig. 2) showed that the learning scenario
condition signiﬁcantly predicted participants’ negative evaluations of the learning situations (path a), X1: B = .38, SE = .12, t(402) = 3.27, p = .001; X2: B = .79,
SE = .12, t(402) = 6.66, p < .001. In turn, the negative evaluations of the learning

Negative
Evaluations
M1
B = 0.38*
B = 0.33*
B = 0.79**
B = 0.13

X1

B = 0.003

Y

B = 0.09
X2

Likelihoods of
Own Cheating

B = -0.16
B = -0.07
B = 0.15

B = -0.03
M2
Stress
Perceptions
(PSQ
scores)

Fig. 2 First mediation analysis predicting likelihoods of own cheating. Notes. *p < .05, **p < .01. The
learning scenario condition was dummy coded (X1: 1 = tests with private results learning scenario condition; X2: 1 = tests with public results learning scenario condition; reference category: reading control
scenario condition)
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situations predicted participants’ likelihoods of own hypothetical cheating (path b),
B = .33, SE = .09, t(400) = 3.61, p = .003. The learning scenario condition did not
signiﬁcantly predict participants’ stress perceptions indicated by their PSQ scores
(path a), X1: B = − .07, SE = .12, t(402) = − .61, p = .545; X2: B = .15, SE = .12, t
(402) = 1.24, p = .216. PSQ scores were also not linked to participants’ likelihoods
of own cheating (path b), B = − .03, SE = .09, t(400) = .02, p = .706. There was no
signiﬁcant direct eﬀect (path c’) of the learning scenario condition on likelihoods of
own cheating, X1: B = .003, SE = .19, t(400) = .02, p = .986; X2: B = − .16, SE = .20,
t(400) = − .82, p = .411. There was also no signiﬁcant total eﬀect (path c) of the
learning scenario condition on likelihoods of own cheating, X1: B = .13, SE = .19,
t(402) = .71, p = .481; X2: B = .09, SE = .19, t(402) = .49, p = .626. However, the
results yielded signiﬁcant indirect eﬀects of the learning scenario condition via the
negative evaluations of the learning situations on likelihoods of own hypothetical
cheating (path a x path b), X1: B = .13, 95% CI [.037, 242]; X2: B = .26, 95% CI
[.113, .423]. There were no indirect eﬀects of the learning scenario condition via
the PSQ scores, X1: B = .002, 95% CI [− .023, .030]; X2: B = − .01, 95% CI [− .050,
.025].
These ﬁndings supported Hypothesis 1: Both learning scenarios including tests
were, as assumed, evaluated more negatively than the reading control learning
scenario. These negative evaluations included, for instance, higher perceptions of
unfairness, strenuousness, and injustice, as well as higher feelings of anger. Unexpectedly, the learning scenario condition neither inﬂuenced participants’ stress
perceptions nor likelihoods of participants’ own hypothetical cheating. Thus,
Hypotheses 2 and 3a were not supported. In line with our assumptions—supporting
Hypothesis 4a—negative evaluations of the learning situations were signiﬁcantly
and positively correlated to participants’ own hypothetical cheating, indicating that
higher negative evaluations were linked to higher likelihoods of own cheating. This
indirect eﬀect of the learning scenario condition on likelihoods of own hypothetical
cheating (via increased negative evaluations of the learning situations) was signiﬁcant. Hence, negative evaluations of the learning situations had a mediating eﬀect.
Contrary to Hypothesis 5a, stress perceptions were not signiﬁcantly correlated to
participants’ likelihoods of own hypothetical cheating.

3.2 Likelihoods of others’ hypothetical cheating (Hypotheses 3b, 4b, and 5b)
Results of the second mediation analysis (see Fig. 3) showed that the negative
evaluations of the learning situations did not predict likelihoods of others’ hypothetical cheating (path b), B = − .07, SE = .09, t(400) = − .80, p = 425. The PSQ
score was, however, linked to participants’ likelihoods of others’ cheating (path
b), B = .23, SE = .08, t (400) = 2.74, p = .007. There was again no signiﬁcant
direct eﬀect (path c’) of the learning scenario condition on likelihoods of others’ cheating, X1: B = .01, SE = .18, t(400) = .07, p = .946; X2: B = .11, SE = .19,
t(400) = .58, p = .560. There was also no signiﬁcant total eﬀect (path c) of the
learning scenario condition on likelihoods of others’ cheating, X1: B = − .03,
SE = .18, t(402) = − .18, p = .859; X2: B = .09, SE = .18, t(402) = .50, p = .615.
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B = -0.07
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Fig. 3 Second mediation analysis predicting likelihoods of others’ cheating. Notes. *p < .05, **p < .01.
The learning scenario condition was dummy coded (X1: 1 = tests with private results learning scenario
condition; X2: 1 = tests with public results learning scenario condition; reference category: reading control scenario condition)

Additionally, the ﬁndings yielded no signiﬁcant indirect eﬀects of the learning
scenario condition via the negative evaluations of the learning situations on likelihoods of others’ cheating (path a x path b), X1: B = − .03, 95% CI [− .105,
.044]; X2: B = − .06, 95% CI [− .197, .085]. There were also no indirect eﬀects
of the learning scenario via the PSQ scores, X1: B = − .02, 95% CI [− .086,
.039]; X2: B = .04, 95% CI [− .021, .105].
Unexpectedly, the learning scenario condition did not inﬂuence likelihoods
of others’ hypothetical cheating. Thus, Hypothesis 3b could not be supported,
indicating that the learning scenario had no eﬀect on individuals’ ratings of
the probability of others’ cheating in a hypothetical examination. Contrary to
Hypothesis 4b, negative evaluations of the learning situations were not signiﬁcantly linked to others’ hypothetical cheating. Participants’ stress perceptions
were, however, signiﬁcantly and positively correlated to likelihoods of others’
hypothetical cheating, thus, supporting Hypothesis 5b. This indicated that higher
stress perceptions were linked to higher ratings regarding likelihoods of others’
hypothetical cheating behaviour. There were no indirect eﬀects.
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3.3 Justiﬁcations for hypothetical cheating (Hypotheses 6, 7, and 8)
Results of the third mediation analysis (see Fig. 4) showed that the negative
evaluations of the learning situations signiﬁcantly predicted justiﬁcations for
cheating (path b), B = .24, SE = .09, t (400) = 2.56, p = .011. The PSQ scores
indicating stress perceptions were not linked to justiﬁcations for cheating (path
b), B = − .003, SE = .09, t (400) = − .38, p = .970. There was again no signiﬁcant direct eﬀect (path c’) of the learning scenario condition on justiﬁcations
for cheating, X1: B = .02, SE = .19, t(400) = .13, p = .901; X2: B = .07, SE = .20,
t(400) = .33, p = .743. There was also no signiﬁcant total eﬀect (path c) of the
learning scenario condition on justiﬁcations for cheating, X1: B = .11, SE = .19,
t(402) = .61, p = .542; X2: B = .25, SE = .19, t(402) = 1.33, p = .186. However,
the ﬁndings yielded signiﬁcant indirect eﬀects of the learning scenario condition
via negative evaluations of the learning situations on justiﬁcations for cheating
(path a x path b), X1: B = .09, 95% CI [.016, .188]; X2: B = .19, 95% CI [.044,
.341]. There were no indirect eﬀects of the learning scenario condition via the
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Evaluations
M1
B = 0.38*
B = 0.24*
B = 0.79**
B = 0.11

X1

B = 0.02

Y

B = 0.25
X2

Justifications
for Cheating

B = 0.07
B = -0.07
B = 0.15

B = -0.003
M2
Stress
Perceptions
(PSQ
scores)

Fig. 4 Third mediation analysis predicting justiﬁcations for cheating. Notes. *p < .05, **p < .01. The
learning scenario condition was dummy coded (X1: 1 = tests with private results learning scenario condition; X2: 1 = tests with public results learning scenario condition; reference category: reading control
scenario condition)
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PSQ scores, X1: B < .001, 95% CI [− .029, .026]; X2: B = − .001, 95% CI [− .042,
.031].
Contrary to Hypothesis 6, the learning scenario condition did not inﬂuence participants’ justiﬁcations for hypothetical cheating. Thus, participants’ ratings of justiﬁcations for hypothetical cheating were not dependent on whether participants had
read scenarios including tests or including reading tasks. Negative evaluations of the
learning situations were signiﬁcantly and positively correlated to justiﬁcations for
hypothetical cheating. This supported Hypothesis 7 and indicated that higher negative evaluations of the learning situations were linked to later higher justiﬁcations
for cheating in the university context. The indirect eﬀect of the learning scenario
condition on justiﬁcations for hypothetical cheating (via increased negative evaluations of the learning situations) was also signiﬁcant. Hence, negative evaluations of
the learning situations had a mediating eﬀect. Participants’ stress perceptions were
not correlated to justiﬁcations for hypothetical cheating. Thus, Hypothesis 8 was not
supported.

4 Discussion
The aim of the present work was to test linkages among tests as diﬃcult learning
tasks, possible negative consequences of such diﬃcult learning tasks like negative
evaluations or stress perceptions, and hypothetical academic cheating. We assumed
that learning scenarios including tests, as opposed to a control learning scenario
including reading, directly and indirectly, lead to higher likelihoods of own and others’ hypothetical cheating, as well as to higher justiﬁcations for such hypothetical
cheating. The indirect eﬀects should arise via increased negative evaluations of the
learning situations and via increased stress perceptions due to the diﬃcult test scenarios. Although ample research has focused on the application and eﬀectiveness of
tests as incantations of desirable diﬃculties (e.g., regarding potential moderators or
boundary conditions; e.g., Adesope et al. 2017; Rowland 2014) and although previous studies showed that academic cheating has an abundance of negative impacts
(e.g., regarding contagion eﬀects of dishonesty through peers, relations between
academic and workplace dishonesty, or validity of assessments and grading; e.g.,
Carrell et al. 2008; Gino et al. 2009; Nonis and Swift 2001; Reinhard et al. 2011), no
research has—to our knowledge—previously tested our assumptions and hypotheses. Thus, our work using hypothetical scenarios uniquely contributes to the existing
literature regarding cheating in the academic context and to the existing literature
regarding tests as diﬃcult learning tasks.
Our ﬁndings showed that although the learning scenario condition had neither
direct eﬀects on likelihoods of own and others’ hypothetical cheating nor on justiﬁcations for cheating, it nonetheless indirectly aﬀected likelihoods of own cheating
and justiﬁcations for cheating through increasing participants’ negative evaluations
of the learning situations. Both imagined learning scenarios including tests were
evaluated as signiﬁcantly more negative than the learning control scenario including
reading. These negative evaluations of the learning situations were in turn positively
correlated with likelihoods of own hypothetical cheating and with justiﬁcations for

13

Tests and academic cheating: do learning tasks inﬂuence…

739

cheating, whereas participants’ self-reported stress perceptions were only positively
correlated to likelihoods of others’ hypothetical cheating. In general, the cheating
items had rather low mean scores, whereas likelihoods of others’ hypothetical cheating were rated as signiﬁcantly higher than likelihoods of own hypothetical cheating.
This ﬁnding is in line with previous work showing that students often report lower
frequencies of academic cheating compared to the amount that lecturers observed,
and that students also report lower frequencies of their own dishonest behaviour
compared to dishonest behaviour of their peers (e.g., Greene and Saxe 1992; Naghdipour and Emeagwali 2013). Additionally, students often perceive their own dishonest behaviour as less condemnable and less serious than the dishonest behaviour of their peers and generally believe that they are fairer than others (e.g., Greene
and Saxe 1992; Messick et al. 1985). Thus, it could be that individuals underreport their own cheating behaviour (even in anonymous settings), likely because of
the importance and value of norms like honesty and trustworthiness, the urge to
maintain a positive self-concept, and the underlying social undesirability of dishonesty (e.g., Geißler et al. 2013; Mazar et al. 2008). Our factor analysis that yielded
one factor regarding likelihoods of own hypothetical cheating and a second factor
regarding likelihoods of others’ hypothetical cheating further supported these ﬁndings. Interestingly, our factor analysis revealed only one factor underlying the four
justiﬁcations for cheating items. Thus, our participants did not distinguish between
justiﬁcations for own hypothetical cheating behaviour and justiﬁcations for others’
hypothetical cheating behaviour (contrary to previously found diﬀerences between
justiﬁcations for own and others’ dishonesty, see e.g., Shu et al. 2011). In general,
the rather low mean score of the justiﬁcations for cheating variable further indicates
that participants rated hypothetical cheating in the presented scenarios as not justiﬁable, thus deeming academic cheating as ethically wrong. An explanation for the
observed single factor could be that individuals normally try to maintain a positive
self-concept and try to feel good or moral even when they cheat (e.g., Mazar et al.
2008): Therefore, they often compare their own behaviour with others’ behaviour
and, for instance, often believe that others cheated even more—and more severely—
than they did (see e.g., Greene and Saxe 1992). This social comparison should, however, only increase individuals’ perceptions of themselves as a better or more moral
individual compared to others, if the justiﬁcations for their own and for others’
behaviours are identically low-, because only then should the higher frequencies of
others’ dishonest behaviour compared to individuals’ own less frequent dishonesty
increase individuals’ self-esteem and their moral self-concept. Moreover, it could
also be possible that justiﬁcations for own cheating behaviour and justiﬁcations for
others’ cheating behaviour only signiﬁcantly diﬀer if the justiﬁcations ratings were
rendered after individuals indulged in actual dishonest behaviour and not just in
response to imagined hypothetical cheating.
Notably, our results were obtained even though participants did not really engage
in an actual learning activity; they did not really take an exam with actual consequences for their everyday courses, but simply read and imagined scenarios and only
self-reported hypothetical behaviour. Nonetheless, even such minimalistic operationalizations yielded signiﬁcant eﬀects. Thus, this indicates that actual learning
in university settings, with real incentives to do well and with actual examinations
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including opportunities of actual cheating behaviour, should lead to even stronger
eﬀects.
Our results partly ﬁt the in the beginning described theoretical and empirical
argumentations regarding negative consequences of desirable diﬃculties because the
scenarios including tests were actually evaluated more negatively than the reading
control scenario (e.g., Hinze and Rapp 2014; O’Neil et al. 1969). The observed indirect eﬀects of learning scenarios with tests on own hypothetical cheating behaviour
and justiﬁcations—via increased negative evaluations of the situations—were also
in line with the in the Introduction presented theoretical and empirical argumentations regarding the emergence of cheating and dishonesty in academic contexts (e.g.,
Brimble and Stevenson-Clarke 2005; Steininger et al. 1964; Whitley 1998; Wowra
2007). Contrary to our assumptions and to literature described in the Introduction,
there were neither eﬀects of the learning scenario condition on participants’ stress
perceptions nor direct eﬀects of the learning scenario condition on the cheating variables. This could be due to our operationalizations and the application of hypothetical scenarios: It is possible that our scenarios were not strong enough to elicit actual
aﬀective responses as well as hypothetical cheating behaviour in only imagined situations (see also our discussion of limitations below).
Although not all our hypotheses were supported, it is still important to highlight
that tests as diﬃcult learning tasks can, at least indirectly and in scenarios, inﬂuence
hypothetical cheating behaviour. Hence, lecturers thinking about applying tests as
diﬃcult learning tasks in their university courses should keep in mind that these
can result in negative evaluations of the situations and can, indirectly, also result
in increased likelihoods of cheating or justiﬁcations for cheating. Still, due to the
explorative character of our work and because this is to our knowledge the ﬁrst study
testing possible eﬀects of tests as diﬃcult learning tasks on cheating, we suppose
that it is too early for stating implications like advising against the usage of tests and
desirable diﬃculties. Nonetheless, our work sheds light on this problematic issue,
oﬀering a valuable contributing to the literature regarding desirable diﬃculties as
well as cheating.

4.1 Limitations and future research
There are also limitations of our study that we care to discuss. This includes, for
instance, the applied learning scenarios: Although scenarios are often used in studies
focusing on cheating behaviour (e.g., Agnew 1992; Carmichael and Piquero 2004;
Shu et al. 2011), it is possible that the learning scenarios had no eﬀects because
they were too short, not detailed enough, framed as positive, or too low-stake. Still,
we intentionally designed them to be preferably short, generalizable (e.g., regarding varying study paths or courses), and minimalistic (e.g., so as not to be suggestive or inﬂuencing). We additionally wanted to inquire if eﬀects would arise even
when using such simple operationalizations. However, the scenarios may further
have been unable to adequately describe and convey the increased eﬀort, diﬃculty,
and cognitive processing triggered by desirable diﬃculties. The same applies to the
short description of the hypothetical exam at the end of the semester, which also
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could have been too short, too undiﬀerentiated, or not detailed enough, because the
short scenario did not actually describe features of the examination situation (e.g.,
regarding the importance of the exam, the existence of peers, or the topic of the
exam). This could have reduced the transportability and imaginability of the scenario. Although our intention was to not prime or suggest responses due to more
detailed descriptions of the hypothetical examination (e.g., by describing opportunities to cheat or the diﬃculty of the exam), it is possible that more details concerning the examination situation would have made the scenario more comprehensible,
more realistic, and more transferable to participants’ actual experiences and everyday lives. We may have then been unable to control how participants actually imagined the examination situation, which might have resulted in confounding variables
that, in turn, could have inﬂuenced participants’ answers. Another limitation is that
regarding the negative evaluations of the learning situations and the cheating variables, we only observed correlations. Future work should also test causal relations.
To do this, future studies could, for instance, directly manipulate the evaluations of
the learning situations described in the scenarios, so that the test scenarios as well
as the reading control scenario are respectively described as positive, negative, and
neutral. This would make it possible to explore whether all conditions including test
scenarios lead to higher hypothetical cheating and justiﬁcations, or whether only
those scenarios that were described as negative would increase hypothetical cheating and justiﬁcations for cheating.
In line with the novelty of our research questions and their unique contributions to the cheating and education literature, one of the best aspects of the present
work is that it is surely stimulating for further research. For instance, future studies
could try to optimize our operationalizations, thus solving the limitations mentioned
above, and generally try to replicate our ﬁndings using diﬀerent samples (e.g., students from diﬀerent countries), diﬀerent desirable diﬃculties (e.g., generation or
disﬂuency), or diﬀerent negative consequences (e.g., negative aﬀect, fear of failure,
or feelings of pressure). More explicitly, future studies could also be conducted in
laboratory settings or in actual classrooms, applying a real learning phase including actually learned information, so that real—and not only hypothetical—cheating
behaviour can be observed. Moreover, future online studies should test our assumptions using diﬀerent and more detailed scenarios that more adequately describe the
learning situation, the learning materials, and the diﬃculty of the learning tasks. The
description of the examination should also be longer and more detailed, for example
describing the procedure of the exam, the applied questions, the presence of peers or
lecturers, and precautions against cheating more realistic. We also solely presented
the usage of cheat sheets in examinations as the incantation of cheating behaviour;
however, a far wider range of such behaviour does exist and should also be examined
(e.g., inappropriate collaboration during exams or plagiarism). Additionally, until
now, we focused completely on situational variables but not on individual variables,
whereas previous studies showed that multiple trait variables, individual characteristics, and individual diﬀerences (e.g., cognitive abilities, conscientiousness, learning-goal orientations, self-control, or self-eﬃcacy) are simultaneously inﬂuential for
(diﬃcult) learning (e.g., for perceptions or eﬀectiveness’s) and for cheating behaviour and dishonesty (e.g., Bertrams and Englert 2014; de Bruin and Rudnick 2007;
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Doménech-Betoret et al. 2017; Finn and Frone 2004; Giluk and Postlethwaite 2015;
Ikeda et al. 2015; Koul 2012; Marcela 2015; Paulhus and Dubois 2015; Schunk
1996; Wenzel and Reinhard 2019a; Yu et al. 2017; see also “Appendix B” regarding
correlations among our dependent variables and the assessed but not analysed trait
variables). Thus, we argue that it is beneﬁcial for future work to include the assessment of individual diﬀerences. Lastly, future research should of course also focus on
reducing such direct and indirect negative consequences of tests as diﬃcult learning tasks. Lecturers could, for instance, thoroughly explain the beneﬁts of diﬃcult
learning to their students, reward them for their eﬀorts, frame the diﬃculties as even
more positive and low-stake, and adapt the diﬃculty of the tasks so that they are
diﬃcult enough to elicit beneﬁcial eﬀects but are not too diﬃcult or overwhelming.
4.2 Conclusion
Summarizing, the present work shows that the application of tests as an incantation of
desirable diﬃculties in the university context—although normally beneﬁcial for longterm learning—can result in negative side eﬀects: Learning scenarios including tests,
in contrast to a reading control scenario, indirectly increased likelihoods of own hypothetical cheating and justiﬁcations for hypothetical cheating through increasing the
negative evaluations of the imagined learning situations. Thus, this work serves as ﬁrst
evidence for the linkage among tests as diﬃcult learning tasks, resulting negative consequences like negative evaluations or stress perceptions, and hypothetical cheating.
Acknowledgements Open Access funding provided by Projekt DEAL. We thank Chawwah Grünberg,
Sonja Haverland, Antonia Mariß, Luisa Neufeld, Celina Stolz, Tobias Steppat, and Laura Wagner for
their help in conducting/programming the study. We thank Sarah Tyrrell for proofreading the manuscript.
Funding This research was supported by a LOEWE grant from the Hessian Ministry for Science and
the Arts entitled “desirable diﬃculties; intrinsic cognitive motivation and performance expectancies”
awarded to Marc-André Reinhard.

Compliance with ethical standards
Conﬂict of interest The authors declare that they have no conﬂict of interest.
Ethical approval The study was conducted in accordance with the Ethical Guidelines of the German Association of Psychologists (DGPs) as well as the American Psychological Association (APA), and the project was
approved by the Ethics Committee aﬃliated with the funding source. Additionally, by the time the data were
acquired it was neither customary at Kassel University nor at most other German universities to seek ethics
approval for simple studies on personality, attitudes, and hypothetical decisions. Thus, ethical approval was
not required for this study in accordance with the national and institutional guidelines. However, the study
exclusively makes use of anonymous questionnaires and no identifying information was obtained from participants. Moreover, every participant had to read and agree to two questions concerning their consent. They
were also explicitly informed that all their data would be treated conﬁdentially and that they could withdraw
from the study at any given time, without explanation, by simply closing the internet browser.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative

13

Tests and academic cheating: do learning tasks inﬂuence…

743

Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

Appendix
Appendix A: Materials
Tests with public results learning scenario condition (including the instructions):
This is a potential scenario that could happen in your daily life as a student.
We would like to ask you to transport yourself in the situation, and to imagine it as strongly as you can. Imagine that you are a student in college and
have lots of exams to write. During one of your majors your professor tries
to increase your and your fellow students learning success, and enhance your
chance to pass the exam. Therefore, half an hour before the end of every session you write an ungraded test, and answer multiple questions concerning the
content of that session. Once the half an hour is up you can go home. Shortly
following every session all students receive an e-mail with the matriculation
numbers of everyone, and their test results, ranking from best to worst.
Tests with private results learning scenario condition (including the instructions):
This is a potential scenario that could happen in your daily life as a student.
We would like to ask you to transport yourself in the situation, and to imagine it as strongly as you can. Imagine that you are a student in college and
have lots of exams to write. During one of your majors your professor tries
to increase your and your fellow students learning success, and enhance your
chance to pass the exam. Therefore, half an hour before the end of every session you write an ungraded test, and answer multiple questions concerning the
content of that session. Once the half an hour is up you can go home. Shortly
following every session you receive a private e-mail with your own test results.
Reading control learning scenario condition (including the instructions):
This is a potential scenario that could happen in your daily life as a student.
We would like to ask you to transport yourself in the situation, and to imagine it as strongly as you can. Imagine that you are a student in college and
have lots of exams to write. During one of your majors your professor tries
to increase your and your fellow students learning success and enhance your
chance to pass the exam. Therefore, half an hour before the end of every session your professor hands you a summary with all the relevant information of
that session. In this time you read the materials. Once the half an hour is up
you can go home.
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Negative Evaluations of the Learning Situations (10 items, α = .89): Instructions
and items
“Please answer the following questions according to your imagined mood/perception/thoughts/feelings during the situation displayed in the scenario.”
“Concerning the imagined scenario, …”
1.

How strenuous did you ﬁnd the described and imagined learning-situation? One
(not strenuous at all)—seven (extremely strenuous)
2. How (un)just did you ﬁnd the described and imagined way of learning in the
situation? One (extremely unjust)—seven (extremely just), *recoded item
3. How diﬃcult would your rate the learning in the described situation? One (not
diﬃcult at all)—seven (extremely diﬃcult)
4. How fair or unfair would you rate the way of learning in such a situation? One
(extremely unfair)—seven (extremely fair), *recoded item
5. How angry would you be if you were in such a situation and had to learn in such
a manner? One (not in the least bit angry)—seven (extremely angry)
6. How relaxing would you rate such a learning-situation? One (not relaxing at
all)—seven (extremely relaxing), *recoded item
7. How overstrained would you feel if you were in such a learning-situation? One
(not at all)—seven (totally)
8. How annoyed would you feel if you were in such a learning-situation? One (not
at all)—seven (extremely)
9. How uncertain would you feel if you had to learn in a way as described in the
situation? One (not at all)—seven (extremely)
10. How inappropriate would you rate such a learning-situation? One (not inappropriate at all)—seven (extremely inappropriate)
Not analysed positive control items:
1. How attentive would you be in such a learning-situation? One (not attentive at
all)—seven (extremely attentive)
2. How interesting did you ﬁnd the described learning-situation? One (not a bit
interesting)—seven (extremely interesting)
3. How helpful and successful would you rate such a learning-situation? One (not
helpful or successful at all)—seven (extremely helpful and successful)
Cheating items:
1. How likely is it that you would use your crib sheet to cheat in the exam? One (Not
at all likely, you would never use the crib sheet)—seven (Extremely likely, you
would use the crib sheet deﬁnitely)
2. How justiﬁable is it for you to use your crib sheet to cheat in the exam? One (Not
justiﬁable at all)—seven (Extremely justiﬁable)
3. How likely is it that someone else would use their crib sheet to cheat in the exam
if they were in the same situation? One (Not at all likely, other people would never
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use the crib sheet)—seven (Extremely likely, other people would use the crib sheet
deﬁnitely)
How justiﬁable is it for someone else to use their crib sheet to cheat in the exam?
One (Not justiﬁable at all)—seven (Extremely justiﬁable)
Furthermore, how likely is it that you would intentionally prepare a cheat sheet
with the intention to use it in the exam? One (Not at all likely, you would never
prepare a cheat sheet)—seven (Extremely likely, you would deﬁnitely prepare a
cheat sheet)
How justiﬁable is it for you to prepare a cheat sheet to cheat in the exam? One
(Not justiﬁable at all)—seven (Extremely justiﬁable)
How likely is it that someone else would intentionally prepare a cheat sheet to
use it in the exam if they were in the same situation? One (Not at all likely, other
people would never prepare a cheat sheet)—seven (Extremely likely, other people
would deﬁnitely prepare a cheat sheet)
How justiﬁable is it for someone else to prepare a cheat sheet to cheat in the exam?
One (Not justiﬁable at all)—seven (Extremely justiﬁable)
Average across items 1 and 5: likelihoods own cheating, α = .86
Average across items 3 and 7: likelihoods others’ cheating, α = .84
Average across items 2, 4, 6, and 8: justiﬁcations for cheating, α = .95

General manipulation-check questions:
1. Have you really read and imagined the former scenario? No, not at all/A little
bit/Yes
2. Did you understand the described scenario? One (No, not at all)—seven (Yes,
completely)
3. Were you able to put yourself in the described scenario? One (No, not at all)—
seven (Yes, totally)
4. Have you (in your daily life as a student) experienced situations similar to the
ones described in the scenario? One (No, never)—seven (Yes, multiple times)
Manipulation-check questions concerning cheating:
“Given the former scenario, …”
1. How likeable would you rate your professor? One (absolutely unlikeable)—seven
(extremely likeable)
2. How important are good grades for you? One (absolutely unimportant)—seven
(extremely important)
3. How much do you think you can improve the results of your exam through cheating? One (no improvement at all)—seven (extremely high improvement)
4. How likely is it that you (if you decided to cheat) would get caught? One (absolutely unlikely)—seven (extremely likely)
5. How would you rate the consequences of cheating if you would get caught? One
(absolutely no consequences)—seven (extremely severe consequences)
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“In general, …”
6. How intense would you rate the pressure to perform during your study program?
One (not intense at all)—seven (very intense)
7. Have you cheated in exams before? One (no, never)—seven (yes, every time)
8. Do you have negative or positive attitudes toward cheating during exams? One
(completely negative attitudes)—seven (completely positive attitudes)
Appendix B: Further analyses
Factor analyses with Varimax rotation
We conducted two factor analyses to test the factor structure of the eight cheating items: Regarding the four likelihoods of cheating items, we conducted a factor analysis with varimax rotation. The eigen values and a scree plot yielded two
factors explaining a total of 86.99% of the variance of all four likelihoods items
(see Table 3). Factor 1 consisted of the two items regarding the likelihoods of own
cheating (likelihoods own cheating, α = .86; 58.98% of explained variance, eigen
value = 2.36). Factor 2 consisted of the two items regarding the likelihoods of others’ cheating (likelihoods others’ cheating, α = .84; 28.01% of explained variance,
eigen value = 1.12). The second factor analysis with varimax rotation was conducted
with the four justiﬁcations for cheating items. The eigen values and a scree plot
yielded one factor explaining a total of 86.23% of the variance of all four items (justiﬁcations for cheating, α = .95; eigen value = 3.45; see Table 4).
Table 3 Factor analysis
likelihoods of hypothetical
cheating variables

Table 4 Factor analysis
justiﬁcations for cheating
variables

13

Variables

Factor loading
1

2

Likelihoods own spontaneous cheating

.920

.179

Likelihoods others’ spontaneous cheating

.171

.912

Likelihoods own prepared cheating

.924

.161

Likelihoods others’ prepared cheating

.164

.913

Variables

Factor loading
1

Justiﬁcations own spontaneous cheating

.922

Justiﬁcations others’ spontaneous cheating

.938

Justiﬁcations own prepared cheating

.936

Justiﬁcations others’ prepared cheating

.919
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Table 5 Correlations among the negative evaluations of the learning situations, stress perceptions (PSQ),
likelihoods own cheating, likelihoods others’ cheating, justiﬁcations for cheating, trait test anxiety (PAFE), trait stress scales (PSS, SSS), and academic self-concept
1.

2.

3.

4.

5.

6.

7.

8.

9.

1. Negative evaluation
of the learning situation

1

2. Stress perceptions
(PSQ)

.50**

1

3. Likelihoods own
cheating

.19**

.08+

1

4. Likelihoods others’
cheating

.04

.14**

.36**

1

5. Justiﬁcations for
cheating

.16**

.08

.86**

.33** 1

6. Trait test anxiety
(PAF-E)

.28**

.56**

.14**

.14** .11*

1

7. Trait stress (PSS)

.33**

.52**

.11*

.10+

.07

.65**

1

8. Trait stress (SSS)

.31**

.54**

.08

.07

.05

.60**

.67**

9. Academic selfconcept

− .18** − .27** − .22** − .05 − .25** − .43** − .40** − .29** 1

+

1

p < .10, *p < .05, **p < .01, Two-tailed. N = 405

We further conducted a MANCOVA predicting participants trait test anxiety
(PAF-E), stress traits (PSS, SSS), and their academic self-concept using the learning
scenario condition as the between-subjects variable to test for diﬀerences between
participants in the three learning scenario conditions. The one-way MANCOVA
yielded no signiﬁcant multivariate main eﬀect for the learning scenario condition,
F(8,800) = .50, p = .859, ηp = .005. Given the not signiﬁcant overall test, the univariate main eﬀects were not examined. We also conducted correlations among the
negative evaluations of the learning situations, stress perceptions (PSQ), likelihoods
own cheating, likelihoods others’ cheating, and justiﬁcations for cheating with the
trait variables (trait test anxiety, trait stress, and academic self-concept) that were
solely assessed for the other study that was conducted together with this study (see
Table 5).

References
Abeler, J., Nosenzo, D., & Raymond, C. (2019). Preferences for truth-telling. Econometrica, 87, 1115–
1153. https://doi.org/10.3982/ECTA14673.
Adesope, O. O., Trevisan, D. A., & Sundararajan, N. (2017). Rethinking the use of tests: A meta-analysis
of practice testing. Review of Educational Research, 87, 659–701. https://doi.org/10.3102/00346
54316689306.
Agnew, R. (1992). Foundation for a general strain theory of crime and delinquency. Criminology, 30,
47–88. https://doi.org/10.1111/j.1745-9125.1992.tb01093.x.

13

748

K. Wenzel, M.-A. Reinhard

Agnew, R., & White, H. R. (1992). An empirical test of general strain theory. Criminology, 30(4), 475–
500. https://doi.org/10.1111/j.1745-9125.1992.tb01113.x.
Akers, R. L. (1990). Rational choice, deterrence, and social learning theory in criminology: The path
not taken. Journal of Criminal Law & Criminology, 81, 653–676. https://doi.org/10.2307/1143850.
Alter, A. L., Oppenheimer, D. M., & Epley, N. (2013). Disﬂuency prompts analytic thinking—But not
always greater accuracy: Response to Thompson et al. (2013). Cognition, 128, 252–255. https://
doi.org/10.1016/j.cognition.2013.01.006.
Alter, A. L., Oppenheimer, D. M., Epley, N., & Eyre, R. N. (2007). Overcoming intuition: Metacognitive
diﬃculty activates analytic reasoning. Journal of Experimental Psychology: General, 136, 569.
https://doi.org/10.1037/0096-3445.136.4.569.
Anderman, E. M., Griesinger, T., & Westerﬁeld, G. (1998). Motivation and cheating during early adolescence. Journal of Educational Psychology, 90, 84–93. https://doi.org/10.1037/0022-0663.90.1.84.
Becker, G. S. (1968). Crime and punishment: An economic approach. In G. S. Becker & W. M. Landes
(Eds.), The economic dimensions of crime (pp. 13–68). London: Palgrave Macmillan.
Bertrams, A., & Englert, C. (2014). Test anxiety, self-control, and knowledge retrieval in secondary
school students. Zeitschrift für Entwicklungspsychologie und Pädagogische Psychologie, 46, 165–
170. https://doi.org/10.1026/0049-8637/a000111.
Bertsch, S., Pesta, B. J., Wiscott, R., & McDaniel, M. A. (2007). The generation eﬀect: A meta-analytic
review. Memory & Cognition, 35, 201–210. https://doi.org/10.3758/BF03193441.
Bjork, R. A. (1994). Memory and metamemory considerations in the training of human beings. In J. Metcalfe & A. Shimamura (Eds.), Metacognition: Knowing about knowing (pp. 185–205). Cambridge:
MIT Press.
Bjork, R. A. (1999). Assessing our own competence: Heuristics and illusions. In D. Gopher & A. Koriat
(Eds.), Attention and performance XVII: Cognitive regulation of performance: Interaction of theory and application (pp. 435–459). Cambridge: The MIT Press.
Bjork, R. A., & Bjork, E. L. (1992). A new theory of disuse and an old theory of stimulus ﬂuctuation. In
A. Healy, S. Kosslyn, & R. Shiﬀrin (Eds.), From learning processes to cognitive processes: Essays
in honor of William K. Estes (Vol. 2, pp. 35–67). Boca Raton: CRC Press.
Bjork, E. L., & Bjork, R. A. (2011). Making things hard on yourself, but in a good way: Creating desirable diﬃculties to enhance learning. Psychology and the Real World: Essays Illustrating Fundamental Contributions to Society, 2, 59–68.
Brimble, M., & Stevenson-Clarke, P. (2005). Perceptions of the prevalence and seriousness of academic
dishonesty in Australian universities. The Australian Educational Researcher, 32, 19–44. https://
doi.org/10.1007/BF0321682.
Calabrese, R. L., & Cochran, J. T. (1990). The relationship of alienation to cheating among a sample of
American adolescents. Journal of Research & Development in Education, 23(2), 65–72.
Cameron, J. S., Miller, D., & Monin, B. (2008). Deservingness and unethical behavior in loss and gain
frames. Unpublished manuscript. http://www.communicationcache.com/uploads/1/0/8/8/10887
248/deservingness_and_unethical_behavior_in_loss_gain_frames.pdf.
Campbell, W. K., Bonacci, A. M., Shelton, J., Exline, J. J., & Bushman, B. J. (2004). Psychological entitlement: Interpersonal consequences and validation of a self-report measure. Journal of Personality
Assessment, 83, 29–45. https://doi.org/10.1207/s15327752jpa8301_04.
Carmichael, S., & Piquero, A. R. (2004). Sanctions, perceived anger, and criminal oﬀending. Journal of
Quantitative Criminology, 20, 371–393. https://doi.org/10.1007/s10940-004-5869-y.
Carrell, S. E., Malmstrom, F. V., & West, J. E. (2008). Peer eﬀects in academic cheating. Journal of
Human Resources, 43, 173–207. https://doi.org/10.3368/jhr.43.1.173.
Cepeda, N. J., Pashler, H., Vul, E., Wixted, J. T., & Rohrer, D. (2006). Distributed practice in verbal
recall tasks: A review and quantitative synthesis. Psychological Bulletin, 132, 354–380. https://doi.
org/10.1037/0033-2909.132.3.354.
Cohen, S., Kamarck, T., & Mermelstein, R. (1983). A global measure of perceived stress. Journal of
Health and Social Behavior. https://doi.org/10.2307/2136404.
Davis, S. F., Grover, C. A., Becker, A. H., & McGregor, L. N. (1992). Academic dishonesty: Prevalence, determinants, techniques, and punishments. Teaching of Psychology, 19, 16–20. https://doi.
org/10.1207/s15328023top1901_3.
De Bruin, G. P., & Rudnick, H. (2007). Examining the cheats: The role of conscientiousness and excitement seeking in academic dishonesty. South African Journal of Psychology, 37, 153–164. https://
doi.org/10.1177/008124630703700111.

13

Tests and academic cheating: do learning tasks inﬂuence…

749

DePaulo, B. M., Kashy, D. A., Kirkendol, S. E., Wyer, M. M., & Epstein, J. A. (1996). Lying
in everyday life. Journal of Personality and Social Psychology, 70, 979–995. https://doi.
org/10.1037/0022-3514.70.5.979.
Dickhäuser, O., Schöne, C., Spinath, B., & Stiensmeier-Pelster, J. (2002). Die Skalen zum akademischen Selbstkonzept: Konstruktion und Überprüfung eines neuen Instrumentes [The academic selfconcept scales: Construction and evaluation of a new instrument]. Zeitschrift für diﬀerentielle und
diagnostische Psychologie: ZDDP, 23, 393–405. https://doi.org/10.1024//0170-1789.23.4.393.
Diemand-Yauman, C., Oppenheimer, D. M., & Vaughan, E. B. (2011). Fortune favors the bold (and the
italicized): Eﬀects of disﬂuency on educational outcomes. Cognition, 118, 111–115. https://doi.
org/10.1016/j.cognition.2010.09.012.
Dobson, J. L., & Linderholm, T. (2015). The eﬀect of selected “desirable diﬃculties” on the ability to
recall anatomy information. Anatomical Sciences Education, 8, 395–403. https://doi.org/10.1002/
ase.1489.
Doménech-Betoret, F., Abellán-Roselló, L., & Gómez-Artiga, A. (2017). Self-eﬃcacy, satisfaction, and
academic achievement: The mediator role of Students’ expectancy-value beliefs. Frontiers in Psychology, 8, 1193. https://doi.org/10.3389/fpsyg.2017.01193.
Dunlosky, J., Rawson, K. A., Marsh, E. J., Nathan, M. J., & Willingham, D. T. (2013). Improving students’ learning with eﬀective learning techniques: Promising directions from cognitive and
educational psychology. Psychological Science in the Public Interest, 14, 4–58. https://doi.
org/10.1177/1529100612453266.
Faul, F., Erdfelder, E., Buchner, A., & Lang, A. G. (2009). Statistical power analyses using G* Power 3.1:
Tests for correlation and regression analyses. Behavior Research Methods, 41, 1149–1160. https://
doi.org/10.3758/BRM.41.4.1149.
Feldman, R. S., Forrest, J. A., & Happ, B. R. (2002). Self-presentation and verbal deception: Do selfpresenters lie more? Basic and Applied Social Psychology, 24, 163–170. https://doi.org/10.1207/
S15324834BASP2402_8.
Fida, R., Paciello, M., Tramontano, C., Fontaine, R. G., Barbaranelli, C., & Farnese, M. L. (2015). An
integrative approach to understanding counterproductive work behavior: The roles of stressors,
negative emotions, and moral disengagement. Journal of Business Ethics, 130, 131–144. https://
doi.org/10.1007/s10551-014-2209-5.
Fida, R., Tramontano, C., Paciello, M., Ghezzi, V., & Barbaranelli, C. (2018). Understanding the interplay among regulatory self-eﬃcacy, moral disengagement, and academic cheating behaviour during vocational education: A three-wave study. Journal of Business Ethics, 153, 725–740. https://
doi.org/10.1007/s10551-016-3373-6.
Finn, K. V., & Frone, M. R. (2004). Academic performance and cheating: Moderating role of school
identiﬁcation and self-eﬃcacy. The Journal of Educational Research, 97, 115–121. https://doi.
org/10.3200/JOER.97.3.115-121.
Fischbacher, U., & Föllmi-Heusi, F. (2013). Lies in disguise—An experimental study on cheating. Journal of the European Economic Association, 11, 525–547. https://doi.org/10.1111/jeea.12014.
Franklyn-Stokes, A., & Newstead, S. E. (1995). Undergraduate cheating: Who does what and why? Studies in Higher Education, 20, 159–172. https://doi.org/10.1080/03075079512331381673.
Freiburger, T. L., Romain, D. M., Randol, B. M., & Marcum, C. D. (2017). Cheating behaviors among
undergraduate college students: Results from a factorial survey. Journal of Criminal Justice Education, 28, 222–247. https://doi.org/10.1080/10511253.2016.1203010.
Geißler, H., Schöpe, S., Klewes, J., Rauh, C., & von Alemann, U. (2013). Wertestudie 2013: Wie groß ist
die Kluft zwischen dem Volk und seinen Vertretern [Value Study 2013: How big is the gap between
the people and their representatives]. Köln: YouGov.
Giluk, T. L., & Postlethwaite, B. E. (2015). Big ﬁve personality and academic dishonesty: A metaanalytic review. Personality and Individual Diﬀerences, 72, 59–67. https://doi.org/10.1016/j.
paid.2014.08.027.
Gino, F., Ayal, S., & Ariely, D. (2009). Contagion and diﬀerentiation in unethical behavior: The eﬀect
of one bad apple on the barrel. Psychological Science, 20, 393–398. https://doi.org/10.111
1/j.1467-9280.2009.02306.x.
Greenberg, J. (1990). Employee theft as a reaction to underpayment inequity: The hidden cost of pay
cuts. Journal of Applied Psychology, 75, 561–568. https://doi.org/10.1037/0021-9010.75.5.561.
Greene, A. S., & Saxe, L. (1992). Everybody (else) does it: Academic cheating [Paper presentation].
Annual meeting of the Eastern Psychological Association, April 3–5, Boston, MA.

13

750

K. Wenzel, M.-A. Reinhard

Haines, V. J., Diekhoﬀ, G. M., LaBeﬀ, E. E., & Clark, R. E. (1986). College cheating: Immaturity, lack of
commitment, and the neutralizing attitude. Research in Higher Education, 25, 342–354. https://doi.
org/10.1007/BF00992130.
Hayes, A. F. (2018). Introduction to mediation, moderation, and conditional process analysis (2nd ed.).
New York: The Guilford Press.
Hinze, S. R., & Rapp, D. N. (2014). Retrieval (sometimes) enhances learning: Performance pressure
reduces the beneﬁts of retrieval practice. Applied Cognitive Psychology, 28, 597–606. https://doi.
org/10.1002/acp.3032.
Hoferichter, F., Raufelder, D., Ringeisen, T., Rohrmann, S., & Bukowski, W. M. (2016). Assessing the
multi-faceted nature of test anxiety among secondary school students: An English version of the
German test anxiety questionnaire: PAF-E. The Journal of Psychology, 150, 450–468. https://doi.
org/10.1080/00223980.2015.1087374.
Hoﬀman, E., & Spitzer, M. L. (1985). Entitlements, rights, and fairness: An experimental examination of
subjects’ concepts of distributive justice. The Journal of Legal Studies, 14(2), 259–297.
Houser, D., Vetter, S., & Winter, J. (2012). Fairness and cheating. European Economic Review, 56, 1645–
1655. https://doi.org/10.1016/j.euroecorev.2012.08.001.
Ikeda, K., Castel, A. D., & Murayama, K. (2015). Mastery-approach goals eliminate retrieval-induced
forgetting: The role of achievement goals in memory inhibition. Personality and Social Psychology
Bulletin, 41, 687–695. https://doi.org/10.1177/0146167215575730.
Jensen, L. A., Arnett, J. J., Feldman, S. S., & Cauﬀman, E. (2002). It’s wrong, but everybody does it:
Academic dishonesty among high school and college students. Contemporary Educational Psychology, 27, 209–228. https://doi.org/10.1006/ceps.2001.1088.
Kaiser, I., Mayer, J., & Malai, D. (2018). Self-generation in the context of inquiry-based learning. Frontiers in Psychology, 9, 2440. https://doi.org/10.3389/fpsyg.2018.02440.
Kalyuga, S., Chandler, P., Tuovinen, J., & Sweller, J. (2001). When problem solving is superior to
studying worked examples. Journal of Educational Psychology, 93, 579–588. https://doi.
org/10.1037/0022-0663.93.3.579.
Karpicke, J. D., Butler, A. C., & Roediger, H. L., III. (2009). Metacognitive strategies in student learning:
Do students practise retrieval when they study on their own? Memory, 17, 471–479. https://doi.
org/10.1080/09658210802647009.
Karpicke, J. D., & Roediger, H. L., III. (2007). Expanding retrieval practice promotes short-term retention, but equally spaced retrieval enhances long-term retention. Journal of Experimental Psychology. Learning, Memory, and Cognition, 33, 704–719. https://doi.org/10.1037/0278-7393.33.4.704.
Kausar, R. (2010). Perceived stress, academic workloads and use of coping strategies by university students. Journal of Behavioural Sciences, 20(1), 31–45.
Kornell, N., Rhodes, M. G., Castel, A. D., & Tauber, S. K. (2011). The ease-of-processing heuristic and
the stability bias: Dissociating memory, memory beliefs, and memory judgments. Psychological
Science, 22(6), 787–794. https://doi.org/10.1177/0956797611407929.
Koul, R. (2012). Multiple motivational goals, values, and willingness to cheat. International Journal of
Educational Research, 56, 1–9. https://doi.org/10.1016/j.ijer.2012.10.002.
LaBeﬀ, E. E., Clark, R. E., Haines, V. J., & Diekhoﬀ, G. M. (1990). Situational ethics and college student
cheating. Sociological Inquiry, 60(2), 190–198. https://doi.org/10.1111/j.1475-682X.1990.tb001
38.x.
Lehmann, J., Goussios, C., & Seufert, T. (2016). Working memory capacity and disﬂuency eﬀect: An
aptitude-treatment-interaction study. Metacognition and Learning, 11, 89–105. https://doi.
org/10.1007/s11409-015-9149-z.
Leiner, J. E. M., Scherndl, T., & Ortner, T. M. (2018). How do men and women perceive a high-stakes
test situation? Frontiers in Psychology, 9, 2216. https://doi.org/10.3389/fpsyg.2018.02216.
Levenstein, S., Prantera, C., Varvo, V., Scribano, M. L., Berto, E., Luzi, C., et al. (1993). Development
of the perceived stress questionnaire: A new tool for psychosomatic research. Journal of Psychosomatic Research, 37, 19–32. https://doi.org/10.1016/0022-3999(93)90120-5.
Lipowsky, F., Richter, T., Borromeo-Ferri, R., Ebersbach, M., & Hänze, M. (2015). Wünschenswerte
Erschwernisse beim Lernen [Desirable diﬃculties during learning]. Schulpädagogik heute, 6(11),
1–10.
Marcela, V. (2015). Learning strategy, personality traits and academic achievement of university students. Procedia-Social and Behavioral Sciences, 174, 3473–3478. https://doi.org/10.1016/j.sbspr
o.2015.01.1021.

13

Tests and academic cheating: do learning tasks inﬂuence…

751

Marksteiner, T., Reinhard, M. A., Lettau, F., & Dickhäuser, O. (2013). Bullying, cheating, deceiving:
Teachers’ perception of deceitful situations at school. International Journal of Educational Psychology, 2, 193–220. https://doi.org/10.4471/ijep.2013.24.
Mazar, N., Amir, O., & Ariely, D. (2008). The dishonesty of honest people: A theory of self-concept
maintenance. Journal of Marketing Research, 45, 633–644. https://doi.org/10.1509/jmkr.45.6.633.
McCabe, D. L. (1992). The inﬂuence of situational ethics on cheating among college students. Sociological Inquiry, 62, 365–374. https://doi.org/10.1111/j.1475-682X.1992.tb00287.x.
McCabe, D. L. (2001). Academic integrity—A research update. College Station: Center for Academic
Integrity.
McCabe, D. L., Treviño, L. K., & Butterﬁeld, K. D. (2001). Cheating in academic institutions: A decade
of research. Ethics and Behavior, 11, 219–232. https://doi.org/10.1207/S15327019EB1103_2.
McDaniel, M. A., Hines, R. J., & Guynn, M. J. (2002). When text diﬃculty beneﬁts less-skilled readers.
Journal of Memory and Language, 46, 544–561. https://doi.org/10.1006/jmla.2001.2819.
McDaniel, M. A., Roediger, H. L., & McDermott, K. B. (2007). Generalizing test-enhanced learning
from the laboratory to the classroom. Psychonomic Bulletin & Review, 14, 200–206. https://doi.
org/10.3758/BF03194052.
McDaniel, M. A., Waddill, P. J., & Einstein, G. O. (1988). A contextual account of the generation eﬀect: A three-factor theory. Journal of Memory and Language, 27, 521–536. https://doi.
org/10.1016/0749-596X(88)90023-X.
McNamara, D. S., Kintsch, E., Songer, N. B., & Kintsch, W. (1996). Are good texts always better? Interactions of text coherence, background knowledge, and levels of understanding in learning from
text. Cognition and Instruction, 14, 1–43. https://doi.org/10.1207/s1532690xci1401_1.
Messick, D. M., Bloom, S., Boldizar, J. P., & Samuelson, C. D. (1985). Why we are fairer than others. Journal of Experimental Social Psychology, 21, 480–500. https://doi.org/10.1016/00221031(85)90031-9.
Mihalca, L., Mengelkamp, C., & Schnotz, W. (2017). Accuracy of metacognitive judgments as a moderator of learner control eﬀectiveness in problem-solving tasks. Metacognition and Learning, 12,
357–379. https://doi.org/10.1007/s11409-017-9173-2.
Naghdipour, B., & Emeagwali, O. L. (2013). Students’ justiﬁcations for academic dishonesty: Call for
action. Procedia-Social and Behavioral Sciences, 83, 261–265. https://doi.org/10.1016/j.sbspr
o.2013.06.051.
Newstead, S. E., Franklyn-Stokes, A., & Armstead, P. (1996). Individual diﬀerences in student cheating.
Journal of Educational Psychology, 88, 229–241. https://doi.org/10.1037/0022-0663.88.2.229.
Nonis, S., & Swift, C. O. (2001). An examination of the relationship between academic dishonesty and
workplace dishonesty: A multicampus investigation. Journal of Education for Business, 77, 69–77.
https://doi.org/10.1080/08832320109599052.
Olafson, L., Schraw, G., Nadelson, L., Nadelson, S., & Kehrwald, N. (2013). Exploring the judgment–
action gap: College students and academic dishonesty. Ethics and Behavior, 23, 148–162. https://
doi.org/10.1080/10508422.2012.714247.
O’Neil, J. H., Spielberger, C. D., & Hansen, D. N. (1969). Eﬀects of state anxiety and task diﬃculty
on computer-assisted learning. Journal of Educational Psychology, 60, 343–350. https://doi.
org/10.1037/h0028323.
Oppenheimer, D. M., & Alter, A. L. (2014). The search for moderators in disﬂuency research. Applied
Cognitive Psychology, 28, 502–504. https://doi.org/10.1002/acp.3023.
Paternoster, R., McGloin, J. M., Nguyen, H., & Thomas, K. J. (2013). The causal impact of exposure to
deviant peers: An experimental investigation. Journal of Research in Crime and Delinquency, 50,
476–503. https://doi.org/10.1177/0022427812444274.
Paulhus, D. L., & Dubois, P. J. (2015). The link between cognitive ability and scholastic cheating: A
meta-analysis. Review of General Psychology, 19, 183–190. https://doi.org/10.1037/gpr0000040.
Pieger, E., Mengelkamp, C., & Bannert, M. (2016). Metacognitive judgments and disﬂuency—Does disﬂuency lead to more accurate judgments, better control, and better performance? Learning and
Instruction, 44, 31–40. https://doi.org/10.1016/j.learninstruc.2016.01.012.
Reeder, L. G., Schrama, P. G. M., & Dirken, J. M. (1973). Stress and cardiovascular health: An international cooperative study—I. Social Science and Medicine, 1967(7), 573–584. https://doi.
org/10.1016/0037-7856(73)90026-7.
Reinhard, M. A., Dickhäuser, O., Marksteiner, T., & Sporer, S. L. (2011). The case of Pinocchio:
Teachers’ ability to detect deception. Social Psychology of Education, 14, 299–318. https://doi.
org/10.1007/s11218-010-9148-5.

13

752

K. Wenzel, M.-A. Reinhard

Richland, L. E., Bjork, R. A., Finley, J. R., & Linn, M. C. (2005). Linking cognitive science to education:
Generation and interleaving eﬀects. In Proceedings of the twenty-seventh annual conference of the
Cognitive Science Society (pp. 1850–1855). Mahwah: Erlbaum.
Roediger, H. L., III, & Karpicke, J. D. (2006). Test-enhanced learning: Taking memory tests
improves long-term retention. Psychological Science, 17, 249–255. https://doi.org/10.111
1/j.1467-9280.2006.01693.x.
Roelle, J., & Berthold, K. (2017). Eﬀects of incorporating retrieval into learning tasks: The complexity of the tasks matters. Learning and Instruction, 49, 142–156. https://doi.org/10.1016/j.learninstr
uc.2017.01.008.
Rost, D. H., & Wild, K. P. (1994). Cheating and achievement-avoidance at school: Components and assessment. British Journal of Educational Psychology, 64, 119–132. https://doi.
org/10.1111/j.2044-8279.1994.tb01089.x.
Rowland, C. A. (2014). The eﬀect of testing versus restudy on retention: A meta-analytic review of the
testing eﬀect. Psychological Bulletin. https://doi.org/10.1037/a0037559.
Sarason, I. G., & Sarason, B. R. (1990). Test anxiety. Handbook of social and evaluation anxiety (pp.
475–495). Boston: Springer. https://doi.org/10.1007/978-1-4899-2504-6_16.
Schab, F. (1991). Schooling without learning: Thirty years of cheating in high school. Adolescence,
26(104), 839–847.
Schunk, D. H. (1996). Self-eﬃcacy for learning and performance. [Paper presentation]. American Educational Research Association, April 8–12, New York, NY.
Schunk, D. H., & Gaa, J. P. (1981). Goal-setting inﬂuence on learning and self-evaluation. The Journal of
Classroom Interaction, 16(2), 38–44.
Shalvi, S., Dana, J., Handgraaf, M. J., & De Dreu, C. K. (2011). Justiﬁed ethicality: Observing desired
counterfactuals modiﬁes ethical perceptions and behavior. Organizational Behavior and Human
Decision Processes, 115, 181–190. https://doi.org/10.1016/j.obhdp.2011.02.001.
Shalvi, S., Gino, F., Barkan, R., & Ayal, S. (2015). Self-serving justiﬁcations: Doing wrong and feeling
moral. Current Directions in Psychological Science, 24, 125–130. https://doi.org/10.1177/09637
21414553264.
Shu, L. L., Gino, F., & Bazerman, M. H. (2011). Dishonest deed, clear conscience: When cheating leads
to moral disengagement and motivated forgetting. Personality and Social Psychology Bulletin, 37,
330–349. https://doi.org/10.1177/0146167211398138.
Simha, A., & Cullen, J. B. (2012). A comprehensive literature review on cheating. International Journal
of Cyber Ethics in Education (IJCEE), 2, 24–44. https://doi.org/10.4018/ijcee.2012100102.
Steininger, M., Johnson, R. E., & Kirts, D. K. (1964). Cheating on college examinations as a function of
situationally aroused anxiety and hostility. Journal of Educational Psychology, 55, 317–324. https
://doi.org/10.1037/h0042396.
Sweller, J., & Chandler, P. (1994). Why some material is diﬃcult to learn. Cognition and Instruction, 12,
185–233. https://doi.org/10.1207/s1532690xci1203_1.
Tyler, S. W., Hertel, P. T., McCallum, M. C., & Ellis, H. C. (1979). Cognitive eﬀort and memory.
Journal of Experimental Psychology: Human Learning and Memory, 5, 607. https://doi.
org/10.1037/0278-7393.5.6.607.
Van Gog, T., & Sweller, J. (2015). Not new, but nearly forgotten: the testing eﬀect decreases or even
disappears as the complexity of learning materials increases. Educational Psychology Review, 27,
247–264. https://doi.org/10.1007/s10648-015-9310-x.
Wenzel, K., & Reinhard, M. A. (2019a). Relatively unintelligent individuals do not beneﬁt from intentionally hindered learning: The role of desirable diﬃculties. Intelligence, 77, 101405. https://doi.
org/10.1016/j.intell.2019.101405.
Wenzel, K., & Reinhard, M. A. (2019b). Does the end justify the means? Learning tests lead to more
negative evaluations and to more stress experiences. Manuscript submitted for publication.
Whitley, B. E. (1998). Factors associated with cheating among college students: A review. Research in
Higher Education, 39, 235–274. https://doi.org/10.1023/A:1018724900565.
Wowra, S. A. (2007). Moral identities, social anxiety, and academic dishonesty among American college
students. Ethics and Behavior, 17, 303–321. https://doi.org/10.1080/10508420701519312.
Yu, H., Glanzer, P. L., Sriram, R., Johnson, B. R., & Moore, B. (2017). What contributes to college
students’ cheating? A study of individual factors. Ethics and Behavior, 27, 401–422. https://doi.
org/10.1080/10508422.2016.1169535.

13

Tests and academic cheating: do learning tasks inﬂuence…

753

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional aﬃliations.

Kristin Wenzel is a Ph.D. student of Social Psychology at the Department of Psychology, University of
Kassel, Germany. Her research interests include cognitive prerequisites and moderators of the positive
eﬀect of desirable diﬃculties as well as consequences of desirable diﬃculties. Additionally, her research
focuses on deception and deception detection as well as on the belief in a just world.
Marc-André Reinhard is a Full Professor of Social Psychology at the Department of Psychology, University of Kassel, Germany. His research interests include cognitive and motivational moderators of the
positive eﬀect of desirable diﬃculties in learning. Moreover, his research focuses on the formation and
consequences of performance expectancies.

13

TAKING A CLOSER LOOK AT THE DESIRABILITY OF DESIRABLE DIFFICULTIES

198

APPENDIX F

Wenzel, K., & Reinhard, M.-A. (2021b). Learning with a double-edged sword? Beneficial and
detrimental effects of learning tests—taking a first look at linkages among tests, later
learning outcomes, stress perceptions, and intelligence. Frontiers in
Psychology, 12, Article 693585. https://doi.org/10.3389/fpsyg.2021.693585

This is the final article version published by Frontiers in Frontiers in Psychology
available online: https://www.frontiersin.org/articles/10.3389/fpsyg.2021.693585/full

@ABCBDEF(AGHGEAIJ
K5L-57,6MN(=8(45.574(6768
M25N(871==?<O2K7*.167681;<=>?>

F©ª«¬¬®(¯°±(ª(²³´µ¶©·G¸®©¸(
H¹³«¸º(»©¬©¼½ª¶(ª¬¸(²©°«¾©¬°ª¶(
G¿¿©½°À(³¿(F©ª«¬¬®(Á©À°ÀÂÁªÃ¬®(ª(
Ä«À°(F³³Ã(ª°(F¬Ãª®©À(E¾³¬®(Á©À°ÀÅ(
Fª°©«(F©ª«¬¬®(@´°½³¾©ÀÅ(H°«©ÀÀ(
Æ©«½©Ç°³¬ÀÅ(ª¬¸(B¬°©¶¶®©¬½©
ÈÉÊËÌÊÍ(ÎÏÍÐÏÑ(Ò(ÓÍÔ(ÕÓÉÖ×ØÍÔÉÙ(ÚÏÊÍÛÓÉÔ(
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_\àbcdèf(gh(rshgcj^(
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cd̀è\wb\bqY\`[ddbqwjb
~TRSV(}TSR{W(
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]%\XVZ[fUV%WZ[XVZc%X]\p·UkU[%WZ[WUV[Y[f%]%b^cXYX^_U%Ze%_Y§W^cXm% TZ\\U\\%\^§WYU[X%WZf[YXYkU%VU\Z^VWU\%uUifim%hYfhUV%gZVpY[f%
WZbTcUtm%][_%W^VVYW^c]V%\^`UWX\%Y[%VU]cY\XYW%cU]V[Y[f%WZ[XUtX\% bUbZVa%W]T]WYXYU\vm%e^VXhUV%p[ZgcU_fU%uUifim%`]WpfVZ^[_¼TVYZV%
uUifim%wW][YUc%UX%]cim%¥¦¦®£%^[cZ\pa%UX%]cim%¥¦¸£%¹Zgc][_m% p[ZgcU_fUm%UtTUVYU[WUm%][_%UtTUVXY\Uvm%\TUWY]c%\pYcc\%uUifim%hYfhUV%
¥¦¢£%¤]VTYWpU%][_%º^Um%¥¦»£%º_U\ZTU%UX%]cim%¥¦®£%]X\Ucc% VU]_Y[f%\pYcc\vm%ZV%eZV%XhZ\U%Xh]X%gUVU%fU[UV]cca%hYfh%]WhYUkY[f%
UX%]cim%¥¦®£%¹^bbUV%UX%]cim%¥¦®£%«][f%UX%]cim%¥¦¥vi%jU\U% uUifim%wWÀ]b]V]%UX%]cim%¡¡½£%¤]ca^f]%UX%]cim%¥¦¦£%wW][YUc%
`U[UnWY]c%UdUWX\%Ze%XU\X\%gUVUm%]bZ[f%ZXhUV\m%eZ^[_%eZV%_YdUVU[X% UX%]cim%¥¦¦¥£%Ã]VTU[XUV%UX%]cim%¥¦½£%ÄUhb][[%UX%]cim%¥¦½vi%
XaTU\%Ze%cU]V[Y[f%b]XUVY]c\%uUifim%e]WX^]c%Y[eZVb]XYZ[m%kZW]`^c]Vam% wW][YUc%UX%]ci%u¥¦¦¥v%XhUVU`a%]Vf^U_%Xh]X%UkU[%ghU[%cU]V[UV\%
WZ[WUTX^]c%Y[eZVb]XYZ[m%cZ[fUV%\WYU[XYnW%XUtX`ZZp%T]V]fV]Th\m% W][%WZVVUWXca%\ZckU%_Y§W^cX%fU[UV]XYZ[%X]\p\m%XhY\%WZ[\^bU_%]%
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TUV%UW%VXYZ[%\[U]Y^^Z_`%]a\a]ZVZY^b%cZ^%Z^%dXe%U_Te%fU[Y%agTY% xYZ_Xa[hs%yzb%Y_]Ys%VXY^Y%a[`pfY_VaVZU_^%a_h%j_hZ_`^%
[YahY[^ia_h%_UV%TY^^%agTY%[YahY[^igY_YjVVYh%W[Uf%`Y_Y[aVZU_% Zf\Te%VXaV%^\Y]ZaT%\[Y[YupZ^ZVY^s%TZkY%anY[a`Y%U[%XZ̀XY[%Z_VYTTZ̀Y_]Ys%
Va^k^l%m_Te%VXY^Y%TYa[_Y[^%^VZTT%Xah%]U`_ZVZnY%]a\a]ZVZY^%TYo%VU% fp^V%gY%`ZnY_%^U%VXaV%TYa[_Y[^%]a_%YnY_%[Ya\%VXY%gY_YjV^%UW%
Wp[VXY[%\[U]Y^^%a_h%hYY\Y[%Y_]UhY%VXY%`Y_Y[aVYh%Z_WU[faVZU_% VY^V^b%UdYnY[s%]U_V[a[e%j_hZ_`^%aT^U%YtZ^V%w^XUdZ_`%hZvY[Y_V%
aoY[%^UTnZ_`%VXY%hZq]pTV%Va^k^b%rUVagTes%VXY^Y%j_hZ_`^%a_h% U[%_U%Z_VY[a]VZU_^%gYVdYY_%Z_VYTTZ̀Y_]Y%a_h%VXY%YvY]VZnY_Y^^%
a[`pfY_VaVZU_^%Z_hZ]aVY%VXaV%hY^Z[agTY%hZq]pTVZY^ia_h%Y^\Y]ZaTTe% UW%VY^V^s%Yb̀bs%}[YdY[%a_h%£_^dU[VXs%yzy|%xUgYes%yzs%^U%
VY^V^iXanY%VU%gY%hZq]pTVs%hYfa_hZ_`s%a_h%VatZ_`%VU%gY%gY_Yj]ZaT% VXaV%Wp[VXY[%dU[k%Z^%^VZTT%naTpagTYb
gpV%VXaV%TYa[_Y[^%fp^V%^ZfpTVa_YUp^Te%gY%^pq]ZY_VTe%YupZ\\Yh% _VY[Y^VZ_`Tes%VXY%j_hZ_`^%UW%Y_YT%a_h%xYZ_Xa[h%wyz%
VU%fa^VY[%VXY^Y%\U^Yh%]XaTTY_`Y^s%fp^V%\U^^Y^^%VXY%^kZTT^%VU% aT^U%XZ̀XTZ̀XVYh%VXaV%[YTaVZnYTe%p_Z_VYTTZ̀Y_V%TYa[_Y[^%wZ_VYTTZ̀Y_]Y%
^p]]Y^^WpTTe%[Y^\U_h%VU%VXY%hZq]pTV%Va^k^%a_h%VU%^p]]Y^^WpTTe% U_Y%^Va_ha[h%hYnZaVZU_%gYTUd%fYa_iaTgYZV%VXYe%Z_hpT̀Yh%Z_%
[YV[ZYnY%Z_WU[faVZU_s%a_h%fp^V%gY%agTY%VU%fp^VY[%VXY%_YYhYh% fU[Y%YvU[V%a_h%^pvY[Yh%a%fU[Y%^V[Y_pUp^%a_h%hYfa_hZ_`%
Z_][Ya^Yh%YvU[V%wYb̀bs%xZ]XTa_h%YV%aTbs%yzz{|%}~U[k%a_h%}~U[ks% dae%UW%TYa[_Z_`ihZh%_UV%UpV\Y[WU[f%TY^^%Z_VYTTZ̀Y_V%TYa[_Y[^%
yzs%yz|%U[_YTT%YV%aTbs%yz|%TVY[%YV%aTbs%yz|%m\\Y_XYZfY[% VXaV%Z_^VYah%^VphZYh%dZVX%Ya^ZY[s%fU[Y%¡pY_Vs%a_h%TY^^%hYfa_hZ_`%
a_h%TVY[s%yz|%xUdTa_hs%yz|%a[\Z]kYs%yz|%aZ^Y[%YV%aTbs% [Y[YahZ_`%Va^k^b%cp^s%VXY%TYa[_Z_`%UpV]UfY^%UW%TY^^%Z_VYTTZ̀Y_V%
yzb%cZ^s%XUdYnY[s%fae%_UV%\[UnY%\U^^ZgTY%WU[%YnY[e%TYa[_Y[i TYa[_Y[^%Z_%gUVX%TYa[_Z_`%]U_hZVZU_^%hZh%_UV%hZvY[%W[Uf%Ya]X%
gpV%^XUpTh%a\\Te%VU%TYa_Y[^%dZVX%XZ̀XY[%Z_VYTTZ̀Y_]Yb
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dU%\[YnZUp^%^VphZY^%WUp_h%^p\\U[VZ_`%YnZhY_]Y%WU[%VXY% YtafZ_aVZU_^s%a^%^V[Y^^WpTs%\[Y^^p[Z_`s%a_h%p_\TYa^a_V%wYb̀bs%
a^^pf\VZU_%VXaV%Z_VYTTZ̀Y_]Y%fUhY[aVY^%VXY%gY_Yj]ZaT%YvY]V^% a[a^U_s%|%}YZTU]ks%yzz|%}[ahTYe%YV%aTbs%yzz|%¼afZY^U_%
UW%VY^V^l%Z[^Vs%a%^Vphe%W[Uf%Z_Ya[%YV%aTb%wyz%eZYThYh%VXaV% YV%aTbs%yz|%YZ_Y[%YV%aTbs%yzb%V%da^%aT^U%Ug^Y[nYh%VXaV%VXY%
XZ̀XY[%¡pZh%Z_VYTTZ̀Y_]Y%Z_][Ya^Yh%VXY%\U^ZVZnY%YvY]V^%UW%VY^V^% fa~U[ZVe%UW%^VphY_V^¤%a]ahYfZ]%^V[Y^^%^VYf^%W[Uf%VakZ_`%a_h%
WU[%hZq]pTVs%a^%U\\U^Yh%VU%Ya^es%Z_WU[faVZU_%w[Y`a[hZ_`%daXZTZ ^VpheZ_`%WU[%Ytaf^%a_h%W[Uf%`YVVZ_`%YtafZ_aVZU_%[Y^pTV^%w^YYs%
¢_`TZ^X%dU[h%\aZ[^|%TYa[_Y[^%dZVX%TUdY[%¡pZh%Z_VYTTZ̀Y_]Y%^XUdYh% Yb̀bs%gUp^Y[ZYs%b%UdYnY[s%a\a[V%W[Uf%^p]X%w`[ahYh%
VXY%[YnY[^Y%YvY]Vb%Y]U_hs%Y_YT%a_h%xYZ_Xa[h%wyz%WUp_h% YtafZ_aVZU_^s%YnY_%VY^V^%^UTYTe%p^Yh%a^%TYa[_Z_`%^ZVpaVZU_^%fZ̀XV%
VXaV%U_Te%aV%TYa^V%anY[a`YTe%Z_VYTTZ̀Y_V%TYa[_Y[^%a]XZYnYh%XZ̀XY[% gY%^V[Y^^U[%a_tZYVeZ_hp]Z_`igY]ap^Y%VY^V^%a^%hY^Z[agTY%
TU_`VY[f%TYa[_Z_`%Z_%a%VY^V%]U_hZVZU_%]Uf\a[Yh%VU%anY[a`YTe% hZq]pTVZY^%fp^V%YnY_%\Y[%hYj_ZVZU_%gY%]XaTTY_`Z_`s%YvU[VWpTs%
Z_VYTTZ̀Y_V%TYa[_Y[^%Z_%a%[Y[YahZ_`%]U_V[UT%]U_hZVZU_b%xYTaVZnYTe% a_h%hZq]pTVs%a_h%fZ̀XV%VXp^%gY%\Y[]YZnYh%a^%UnY[dXYTfZ_`b%
Z_VYTTZ̀Y_V%TYa[_Y[^%wZ_VYTTZ̀Y_]Y%U_Y%^Va_ha[h%hYnZaVZU_%agUnY% _%TZ_Y%dZVX%VXY^Y%a^^pf\VZU_^s%Z_Y%a_h%xa\\%wyz%]U_hp]VYh%
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TUUVWXY%ZX[ZXTYW\]%^T_`_a%Vbc[_^T`X_%VXTZ\W\]%^X_^_a%bZ%dW]d[ VbTYa%T\Y%ZXYjkXY%XmmbZ^%T\Y%UXZ_W_^X\kX%cdWVX%VXTZ\W\]%sXe]ea%
_^T`X_%VXTZ\W\]%^X_^_e%f^T`X_%cXZX%^dXZXgh%bUXZT^Wb\TVWiXY%^dZbj]d% XW\X%X^%TVea%vwwy|%§dX\%T\Y%§dT\]a%vww|%¨jZXgThT_dW%
W\_^Zjk^Wb\_%]WlX\%gXmbZX%^dX%VXTZ\W\]%^X_^_%_^T^W\]%^dT^%nb\X^TZh% X^%TVea%vwxvze%{\rWX^h%T\Y%_^ZX__%cXZX%TV_b%\X]T^WlXVh%kbZZXVT^XY%
ZXcTZY_%mbZ%^dX%VXTZ\XZ%T\Y%T%ok^WlX%UTZ^\XZ%cXZX%XW^dXZ% cW^d%kb]\W^WlX%W\mbZnT^Wb\%UZbkX__W\]a%^dX%XmmXk^WlX\X__%bm%
W\YXUX\YX\^%bm%VXTZ\XZ_p%VT^XZ%o\TV%^X_^%ZX_jV^_%bZ%YXUX\YX\^% ZX^ZWXlTV%UZTk^WkXa%VXTZ\W\]%bj^kbnX_a%TkTYXnWk%TkdWXlXnX\^a%
bm%^dXWZ%VT^XZ%o\TV%^X_^%ZX_jV^_e%qX%Tj^dbZ_%mbj\Y%^dT^%XlX\% T\Y%VXTZ\XZ_%s^X_^z%UXZmbZnT\kX©X_UXkWTVVh%T_%^dX%^T_`_a%^X_^%
Vbc[_^T`X_%^X_^_%VXY%^b%nbZX%WnnXYWT^X%mXXVW\]_%bm%UZX__jZX% jX_^Wb\_a%bZ%W\mbZnT^Wb\%gXkbnX%nbZX%kbnUVXra%nbZX%
^dT\%ZX[ZXTYW\]%^T_`_%T\Y%^dT^%dW]d[_^T`X_%^X_^_%mjZ^dXZ%VXY%^b% kb]\W^WlX%YXnT\YW\]a%T\Y%nbZX%YWmmWkjV^%sXe]ea%tXngZXXa%
nbZX%_^T^X%T\rWX^h%^dT\%Vbc[_^T`X_%^X_^_%T\Y%ZX[ZXTYW\]%^T_`_% xªª|%fXWUUa%xx|%f^Zj^dXZ_%X^%TVea%vwww|%§T__TYha%vwwyTag|%
s\b^TgVha%^dX_X%ZX_jV^_%cXZX%W\YXUX\YX\^%bm%UTZ^WkWUT\^_p%^ZTW^% h_X\k`%X^%TVea%vww|%XWVbk`a%vwwª|%§dX\%T\Y%§dT\]a%vww|%
T\rWX^h%T\Y%^dXZX%cXZX%\b%W\^XZTk^Wb\_%gX^cXX\%^dX%VXTZ\W\]% ¨dT\%X^%TVea%vwx«|%fb^TZYW%X^%TVea%vwvwze%tX\kXa%_^ZX__%T\Y%
kb\YW^Wb\%T\Y%^ZTW^%lTZWTgVX_a%tW\iX%T\Y%uTUUa%vwxyze%{\b^dXZ% T\rWX^h%cXZX%]X\XZTVVh%_dbc\%^b%dTlX%YX^ZWnX\^TV%XmmXk^_%
VTgbZT^bZh%_^jYh%TV_b%mbj\Y%^dT^%VXTZ\W\]%_W^jT^Wb\_%W\kVjYW\]% b\%VXTZ\W\]%bj^kbnX_%gj^%_dbjVY%mjZ^dXZ%TV_b%\X]T^WlXVh%
T%_dbZ^%^X_^%sb\%nT^dXnT^WkTV%kb\kXU^_%T\Y%nT^XZWTV_z%cXZX% WnUTk^%^dX%\bZnTVVh%gX\XmWkWTV%XmmXk^_%bm%^X_^_e%~\%VW\X%cW^d%
XlTVjT^XY%T_%nbZX%\X]T^WlX%T\Y%T_%nbZX%_^ZX__[T\Y%T\rWX^h[ ^dX_X%T__jnU^Wb\_a%¬b`%T\Y%§dT\%svwxz%mbj\Y%^dT^%dW]dVh%
W\YjkW\]%^dT\%VXTZ\W\]%_W^jT^Wb\_%W\kVjYW\]%T%ZXTYW\]%kb\^ZbV% ^X_^%T\rWbj_%UTZ^WkWUT\^_%W\%T%VXTZ\W\]%^X_^%kb\YW^Wb\%YWY%
^T_`%s^dX_X%o\YW\]_%cXZX%TV_b%W\YXUX\YX\^%bm%UTZ^WkWUT\^_p%^ZTW^% \b^%bj^UXZmbZn%UTZ^WkWUT\^_%W\%T%ZX[ZXTYW\]%kb\^ZbV%kb\YW^Wb\e%
_^ZX__%bZ%^ZTW^%T\rWX^h|%}X\iXV%T\Y%uXW\dTZYa%vwvxze%~\^XZX_^W\]Vha% dj_a%^dXZX%cXZX%\b%gX\XmW^_%bm%^X_^_%mbZ%dW]dVh%T\rWbj_%
kb\^ZTZh%ZX_jV^_%cXZX%TV_b%mbj\Y%s_XXa%Xe]ea%{]TZcTV%X^%TVea%vwxy|% UTZ^WkWUT\^_e%fWnWVTZ%ZX_jV^_%cXZX%mbj\Y%gh%tW\iX%T\Y%uTUU%
hZbb_%X^%TVea%vwxz%T\Y%XlX\%^dbj]d%^dX_X%kT\%gX%XrUVTW\XY% svwxyz%tW]d[_^T`X_%VXTZ\W\]%^X_^_%sbUXZT^Wb\TVWiXY%^dZbj]d%
YjX%^b%nX^dbYbVb]WkTV%YWXZX\kX_a%ZXUVWkT^Wb\_%TZX%_^WVV% _^T^W\]%^dT^%nb\X^TZh%ZXcTZY_%cXZX%YXUX\YX\^%bm%UTZ^WkWUT\^_%
TYlT\^T]Xbj_e%{UTZ^%mZbn%^dT^a%W^%W_%mjZ^dXZnbZX%Ub__WgVX%^dT^% VT^XZ%mW\TV%^X_^%ZX_jV^_z%W\kZXT_XY%UZX__jZX%T\Y%_^T^X%T\rWX^h%
^dX_X%XXk^_%bm%^X_^_%b\%_^ZX__%UXZkXU^Wb\_%Yb%\b^%TZW_X%mbZ% YWZXk^Vh%gXmbZX%^dX%VXTZ\W\]%^X_^_a%cdWkd%W\%^jZ\%YXkZXT_XY%
VXTZ\XZ_%cW^d%dW]dXZ%W\^XVVW]X\kX%T\Y%^dT^%W\^XVVW]X\kX%nW]d^% ^dX%gX\XmW^_%bm%^dX_X%^X_^_%ZX]TZYW\]%VT^XZ%Vb\][^XZn%VXTZ\W\]e%
nbYXZT^X%^dX_X%\X]T^WlX%XXk^_e
®\Vh%UTZ^WkWUT\^_%W\%T%Vbc[_^T`X_%VXTZ\W\]%^X_^%kb\YW^Wb\%
sW\%cdWkd%nb\X^TZh%W\kX\^WlX_%cXZX%\b^%_^T^XY%^b%gX%YXUX\YX\^%
UTZ^WkWUT\^_p%^X_^%ZX_jV^_z%bj^UXZmbZnXY%UTZ^WkWUT\^_%W\%
  %%  %%%% b^dm%X%Z
X[ZXTYW\]%kb\^ZbV%kb\YW^Wb\e%tX\kXa%Tkj^X%_^ZX__%





XkTj_X%VXTZ\XZ_%cW^d%dW]dXZ%W\^XVVW]X\kX%_dbjVY%]X\XZTVVh% UXZkXU^Wb\_%nW]d^%nXYWT^X%^dX%gX\XmWkWTV%XmmXk^_%bm%^X_^_a%
gX%TgVX%^b%_bVlX%YWmmWkjV^%^T_`_%T\Y%^b%T\_cXZ%nbZX%^X_^% W\_bmTZ%T_%^dT^%dW]dXZ%_^ZX__%nW]d^%UTZ^Vh%YWnW\W_d%bZ%XlX\%
jX_^Wb\_%_jkkX__mjVVha%^dXh%_dbjVYa%W\%^jZ\a%UXZkXWlX%^X_^_% kbnUVX^XVh%XZT_X%^dX%gX\XmWkWTV%XmmXk^_%bm%^X_^_%b\%Vb\][^XZn%
T_%VX__%^dZXT^X\W\]a%VX__%_^ZX__mjVa%VX__%YWmmWkjV^a%VX__% VXTZ\W\]e%dXbZX^WkTVVha%_jkd%YX^ZWnX\^TV%XmmXk^_%bm%_^ZX__%b\%
blXZcdXVnW\]a%T\Y%^dj_%T_%nbZX%nT\T]XTgVX%^dT\%VXTZ\XZ_% VXTZ\W\]%bj^kbnX_%T\Y%b\%gX\XmWkWTV%XmmXk^_%bm%^X_^_%TZX%
cW^d%VbcXZ%W\^XVVW]X\kXe%~\%VW\X%cW^d%^dX_X%T__jnU^Wb\_a% T__jnXY%^b%TZW_X%gXkTj_X%_^ZX__%T\Y%T\rWX^h%VXTY%^b%cbZZWX_%
UZXlWbj_%cbZ`%_dbcXY%^dT^%kb]\W^WlX%TgWVW^WX_%cXZX%\X]T^WlXVh% T\Y%kb]\W^WlX%W\^XZmXZX\kX%W\YWkT^XY%gh%W\^Zj_WlXa%YW_^ZTk^W\]a%
kbZZXVT^XY%^b%_W^jT^Wb\TV%_^ZX__%XrUXZWX\kX_a%nT^d%T\rWX^ha% T\Y%WZZXVXlT\^%^dbj]d^_e%dX_Xa%W\%^jZ\a%YW_ZjU^%^T_`[_UXkWmWk%
_^T^X%T\rWX^ha%T\Y%^b%ZT^W\]_%bm%YWmmWkjV^h%bm%lTZhW\]%VXTZ\W\]% W\mbZnT^Wb\%UZbkX__W\]a%W\^XZmXZX%cW^d%kb]\W^WlX%UZbkX__X_a%
^T_`_%sXe]ea%m`VWYX_%X^%TVea%x|%XW\X%X^%TVea%vwwy|%{g\% WnUTWZ%ZX^ZWXlTVa%T\Y%YWlXZ^%^dX%\XXYXY%T^^X\^Wb\%T\Y%mbkj_%
X^%TVea%vwvwze%f^jYX\^_%^dT^%cXZX%Xr^ZXnXVh%dW]d[TkdWXlW\]% TcTh%mZbn%^dX%VXTZ\XY%W\mbZnT^Wb\a%^dXZXgh%YXUVX^W\]%kb]\W^WlX%
W\%nT^dXnT^Wk_%cXZX%TV_b%VX__%nT^d%T\rWbj_a%cXZX%nbZX% kTUTkW^WX_%T\Y%_^bZT]X%T\Y%UZbkX__W\]%ZX_bjZkX_%dX_X%
nb^WlT^XYa%dTY%nbZX%_XVm[XmmWkWX\kha%T\Y%ZXUbZ^XY%nbZX% kb\_jnXY%ZX_bjZkX_%T\Y%kTUTkW^WX_%cbjVY%b^dXZcW_X%dTlX%
X\bhnX\^%cdWVX%VXTZ\W\]%sXe]ea%TZkT%X^%TVea%vwxze%{%_^jYh% gXX\%\XXYXY%mbZ%ZX^ZWXlW\]%W\mbZnT^Wb\a%mbZ%_jkkX__mjVVh%
mZbn%bX^i%X^%TVe%svwwz%mW^^W\]Vh%hWXVYXY%^dT^%Xnb^Wb\_% T\_cXZW\]%^X_^%jX_^Wb\_a%T\Y%mbZ%mjZ^dXZ%UZbkX__W\]a%X\kbYW\]a%
XrUXZWX\kXY%gh%_kdbbV%_^jYX\^_%YjZW\]%T%nT^dXnT^Wk_% bZ%YXkbYW\]%bm%^dX_X%W\mbZnT^Wb\%s_XXa%Xe]ea%̄°°±²°³́²¯µ%¶´²°·´µ%
TkdWXlXnX\^%^X_^%YWmmXZXY%gT_XY%b\%^dXWZ%Tg_^ZTk^%ZXT_b\W\]% °¸±´·¹º%¶´»²³°³¼±%³²°±·½±·±²¶±%¾´¿±µº%¿³À°·¯¶°³́²%°¸±´·³±Àº%
TgWVW^WX_%{\]XZ%T\Y%T\rWX^h%cXZX%nbZX%UZbnW\X\^%mbZ%_^jYX\^_% Á·´¶±ÀÀ³²»%±½½³¶³±²¶¹%°¸±´·¹º%̄²¿%·±°·³±¼¯µ%¿³À·ÂÁ°³́²%̧¹Á´°¸±À³À|%
cW^d%VbcXZ%TgWVW^WX_a%cdXZXT_%X\bhnX\^%cT_%nbZX%UZbnW\X\^% h_X\k`%T\Y%§TVlba%xv|%{_dkZTm^%T\Y%̈ZTj_Xa%vww|%h_X\k`%
mbZ%_^jYX\^_%cW^d%dW]dXZ%TgWVW^WX_e%tbcXlXZa%Wm%_^ZX__%\b\X^dXVX__% X^%TVea%vww|%tW\iX%T\Y%uTUUa%vwxy|%fTZT_b\a%xªy|%_X%T\Y%
TZW_X_%YjX%^b%^X_^_a%_jkd%]X\XZTVVh%j\UVXT_T\^%UXZkXU^Wb\_% ja%vwxv|%dbcXlXZa%kb\^ZTZh%ZX_jV^_%T\Y%kb\^ZTZh%^dXbZWX_%
TZX%TV_b%T__bkWT^XY%cW^d%XlX\%mjZ^dXZ%YX^ZWnX\^TV%XmmXk^_% TV_b%XrW_^a%_dbcW\]a%mbZ%W\_^T\kXa%Ub_W^WlX%VW\XTZ%XmmXk^_%bm%
_^ZX__%b\%VXTZ\W\]%bj^kbnX_%bZ%\b\[VW\XTZÃW\lXZ^XY%Ä[_dTUXY%
T\Y%VbcXZ%VXTZ\W\]%bj^kbnX_e
\kX|%_XXa%Xe]ea%XW\X%X^%TVea%
¡%%%%%%¢ % ZvXwVwTy^W|b%\¨X_%XbVmX%hT%\Xr^W%XT^Vhea%%Tv\wYw%ªU|X%Zfmjb\ZnT
]%X^%TVea%vwxze%b^TgVha%_jkd%
£¤¥ 
YX^ZWnX\^TV%XmmXk^_%bm%Tkj^X%_^ZX__%T\Y%T\rWX^h%b\%VXTZ\W\]%
¦bZ%W\_^T\kXa%dW]dXZ%_^ZX__%T\Y%T\rWX^h%cXZX%bm^X\%mbj\Y% nW]d^%T]TW\%gX%VX__%UZb\bj\kXY%mbZ%VXTZ\XZ_%cW^d%dW]dXZ%
^b%gX%VW\`XY%^b%VbcXZ%nb^WlT^Wb\%^b%VXTZ\a%nbZX%XZZbZ_a%VTk`% kbnUTZXY%^b%VXTZ\XZ_%cW^d%VbcXZ%W\^XVVW]X\kXe%dj_a%W\^XVVW]X\kX%
bm%kb\kX\^ZT^Wb\a%YW_ZjU^Wb\_%W\%T^^X\^Wb\a%dW]dXZ%kb]\W^WlX% nW]d^%nbYXZT^X%^dX_X%YX^ZWnX\^TV%XmmXk^_e
56789:;6<%:8%=<>?@7A7B>%C%DDDEF6789:;6<:8E76B%

G%

HIBI<9%JKJL%C%M7AIN;%LJ%C%H69:?A;%OPQRSR

012314%627%8192*6+7%

,121-./%627%01.+9112./%23%41/./

TUVWXXYZWU[W%\U]%^WV_ỲWUV\X%abbW[Vc%db%
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pstjuupqjskj%noymux%pskrjlnj%zjsjkplu%jjktn%y{%tjntn%ys%ultjr% kysnpntpsq%y{%ty%njnnpysn%j%tojrj{yrj%xjnpqsjx%l%rjlupntpk%
ujlrspsq%ymtky|jn~%xjkrjlnj%ntrjnn%}jrkj}tpysn%klmnjx%zv%tjntn~% ujlrspsq%nptmltpys%tolt%kymux%zj%jlnpuv%trlsn{jrrjx%ty%lktmlu%
mspjrnptpjn%yr%nkoyyun%j%mnjx~%{yr%psntlskj~%ky|}uj%lsx%
lsx%rjxmkj%xjtrp|jstlu%jjktn%y{%ntrjnn%ys%ujlrspsq
yuuypsq%toj%ps%toj%stryxmktpys%}rjnjstjx%j|}prpklu%lsx% kmrrpkmulr%ujlrspsq%|ltjrplun%tolt%lrj%lktmluuv%l}}upjx%ps%mspjrnptv%
tojyrjtpklu%lrqm|jstltpysn~%j%tojrjzv%nm}}ynj%toj%{yuuypsq% kymrnjn%mn~%j%trpjx%ty%rj}upkltj%toj%yjs%{ymsx%zjsjkplu%
ov}ytojnjn%njj%®°̄±²³%´%{yr%l%qrl}opklu%xj}pktpys%yr%l% jjkt%y{%tjntn%ky|}lrjx%ty%jlnpjr%lsx%|yrj%}lnnpj%rjrjlxpsq%
zjttjr%ky|}rjojsnpzpuptv~%j%lst%ty%nyrt%toj%ov}ytojnjn%lkkyrxpsq% kystryu%tlnwn%{yr%xpkmut%lsx%rjlupntpk%|ltjrplun%j%luny%
ty%|lps%lsx%pstjrlktpys%jjktn§%prnt~%j%lnnm|j%tolt%tjntn~% kysxmktjx%l%noyrt%ujlrspsq%tjnt~%pskumxpsq%lrvpsq%tjnt%mjntpysn%
ky|}lrjx%ty%rjrjlxpsq%tlnwn~%rjnmut%ps%zjsjkplu%jjktn%ys% {yr|ltn%jq~%noyrtlsnjr%lsx%|mutp}ujkoypkj%mjntpysn%tolt%
ultjr%ujlrspsq%ymtky|jn§%mn~%l%tjnt%kysxptpys%noymux%ujlx%ty% ntmxjstn%noymux%yjs%jskymstjr%ps%tojpr%mspjrnptv%upjn%jq~%lt%

56789:;6<%:8%=<>?@7A7B>%C%DDDEF6789:;6<:8E76B%

G%

HIBI<9%JKJL%C%M7AIN;%LJ%C%H69:?A;%OPQRSR

012314%627%8192*6+7%

,121-./%627%01.+9112./%23%41/./

TUV%VWX%YZ%TV[T\YY]%^U_`TVabc%dW%V[_edW_TdYWbc%fgh%iYaVYjVac% TU_TZYkkYndWm%TUV%_amoeVWT_TdYW%YZ%°k_]V%_WX%©_WmVbT_X%
TY%aVkd_\kl%dWjVbTdm_TV%nUVTUVa%kV_aWdWm%TVbTb%_^To_kkl%kV_X%TY% svwvwgTUdb%^_k^ok_TdYW%nYokX%U_jV%_kaV_Xl%aVbokTVX%dW%_W%
bTaVbb%`Va^V`TdYWbc%nV%XVjdbVX%_W%V[TaVeVkl%kYnpbT_]Vb%kV_aWdWm% oWXVa`YnVaVX%b_e`kV%bdtV%aVm_aXdWm%TUV%_bboeVX%dWTVa_^TdYW%
TVbT%bdTo_TdYW%TU_T%bTdkk%aVbVe\kVX%_W%_^To_k%oWdjVabdTl%^YoabV% VZZV^Tbgh%¨WZYaToW_TVklc%XoV%TY%TUV%pxpYoT\aV_]%_WX%
_b%^kYbVkl%_b%̀Ybbd\kVh%qVW^Vc%nV%XdX%WYT%n_WT%TY%V[`VadeVWT_kkl% k_TVa%kY^]pXYnW%aVbTad^TdYWbc%nV%_kbY%U_X%TY%bTY`%Yoa%
e_Wd̀ok_TV%bTaVbb%\oT%n_WTVX%TY%Y\bVajV%dZ%bTaVbb%`Va^V`TdYWb% aV^aodTeVWT%_WX%^YokX%WYT%^YWTdWoV%TY%^YkkV^T%X_T_%dW%TUV%
nYokX%VjVW%Y^^oa%dW%jdaTo_kkl%`aVbboaVpkVbb%kV_aWdWm%bdTo_TdYWb% k_\Ya_TYal%sTUdbc%dW%ToaWc%ZoaTUVa%Xa_bTd^_kkl%aVXo^VX%TUV%
TU_T%VdTUVa%dW^koXV%_%bUYaT%TVbT%T_b]%Ya%_%aVpaV_XdWm%T_b]h%rdTTdWmklc% `YnVa%YZ%Yoa%nYa]c%Vb`V^d_kkl%aVm_aXdWm%TUV%_bboeVX%
nV%YWkl%dWbTao^TVX%`_aTd^d̀_WTb%TY%XY%TUVda%\VbT%nUdkV%kV_aWdWm% dWTVa_^TdYW%VZZV^Tb%TU_T%_aV%V[TaVeVkl%oWXVa`YnVaVXgh%oV%
_WX%XdX%dW^koXV%WVdTUVa%eYWVT_al%aVn_aXb%sbVVc%Vhmhc%qdWtV% TY%TUdb%bTY`%YZ%Yoa%aV^aodTeVWTc%Yoa%b_e`kV%^YWbdbTVX%YZ%
_WX%u_``c%vwxyg%WYa%ma_XVb%sbVVc%Vhmhc%zU_WW_c%vwx{g%_b%ZoaTUVa% YWkl%x%`_aTd^d̀_WTbc%ZaYe%nUd^U%TnY%`_aTd^d̀_WTb%U_X%TY%
dW^VWTdjVb%TU_T%edmUT%dW|oVW^V%TUVda%̀Va^V`TdYWb%_WX%Vj_ko_TdYWb% \V%V[^koXVX%\V^_obV%TUVl%XdX%WYT%̀_aTd^d̀_TV%dW%\YTU%bVbbdYWb%
YZ%TUVbV%kV_aWdWm%TVbTbh%}db%_kbY%VWboaVX%TU_T%Yoa%k_\Ya_TYal% YZ%TUV%bToXlh%qVW^Vc%Yoa%ZdW_k%b_e`kV%^YWbdbTVX%YZ%«%¬%±%
kV_aWdWm%bdTo_TdYW%nYokX%aVbVe\kV%_%Tl`d^_k%kV_aWdWm%bdTo_TdYW% `_aTd^d̀_WTb%s²_mV%¬%vyhx±c%³´_mV%¬%hv{c%a_WmV®%x±µy±%wh±¶%
dW%oWdjVabdTl%Ya%b^UYYk%bVTTdWmbh%~Y%ZoaTUVa%VWboaV%TU_T%TUV% ZVe_kV%±{hy¶%©Vae_W%W_TdjV%b`V_]Vabgh%Z%TUVbVc%h¶%
TVbT%T_b]%nYokX%\V%ndTUYoT%bT_]Vb%Ya%_aTd^d_k%bTaVbbYabc%nV%_jYdXVX% nVaV%bToXVWTb%_T%_%©Vae_W%oWdjVabdTlh%·VjVWTlpTUaVV%YZ%TUVe%
obdWm%kV_aWdWm%e_TVad_kb%TU_T%edmUT%\V%bTaVbbpYa%_W[dVTl%dWXo^dWm% s±vhww¶g%bToXdVX%`bl^UYkYmlc%_WX%TUV%aVe_dWdWm%bToXdVXc%
dW%TUVebVkjVb%skd]V%e_TUVe_Td^_k%Ya%bT_TdbTd^_k%dWZYae_TdYW%bVVc% _eYWm%YTUVabc%_a^UdTV^ToaVc%VXo^_TdYWc%`UdkYbY`Ulc%bY^d_k%
Vhmhc%VWtVk%_WX%uVdWU_aXc%vwvxg%_WX%_``kdVX%_%TVbT%dW%nUd^U% b^dVW^Vc%k_Wmo_mVbc%_WX%̀YkdTd^bh%_^U%̀_aTd^d̀_WT%n_b%a_WXYekl%
`_aTd^d̀_WT%XdX%WYT%VjVW%U_jV%TY%b_l%TUVda%_WbnVab%YoT%kYoX% _bbdmWVX%TY%YWV%YZ%TUV%TnY%\VTnVVWpbo\V̧^Tb%kV_aWdWm%
dW%ZaYWT%YZ%TUVda%`VVab%s^YWTa_al%TY%VWtVk%_WX%uVdWU_aXc% ^YWXdTdYWb®%TUV%aVpaV_XdWm%^YWTaYk%^YWXdTdYW%s¹%¬%yg%Ya%TUV%
vwvx%bVV%_kbY%Wmk_WX%VT%_khc%vwxgh%~Y%_XVo_TVkl%_bbVbb% TVbT%^YWXdTdYW%s¹%¬%yvgh%°VZYaV%bT_aTdWmc%V_^U%`_aTd^d̀_WT%U_X%
`_aTd^d̀_WTb%bTaVbb%`Va^V`TdYWb%^_obVX%\l%TUV%kV_aWdWm%bdTo_TdYWc% TY%`aYjdXV%TUVda%_``aYj_k%TUaYomU%aV_XdWm%_WX%_maVVdWm%TY%
nV%eV_boaVX%TUVda%bT_TV%bTaVbb%XdaV^Tkl%_Va%TUVl%^Ye`kVTVX% _%nadTTVW%dWZYaeVX%^YWbVWTh%~UV%bToXl%n_b%^YWXo^TVX%dW%
TUV%aVb`V^TdjV%kV_aWdWm%T_b]%_WX%V[`kd^dTkl%dWbTao^TVX%TUVe%TY% Zokk%_^^YaX_W^V%ndTU%TUV%TUd^_k%©odXVkdWVb%YZ%TUV%©¥b%
aVZVa%TY%TUVda%̀Va^V`TdYWb%_WX%V[`VadVW^Vb%nUdkV%kV_aWdWm%s^YWTa_al% _WX%TUV%¥c%_WX%TUV%ZoWXVX%`aYV̧^T%n_b%_``aYjVX%\l%TUV%
TY%`aVjdYob%nYa]%nUVaV%bTaVbb%n_b%_bbVbbVXc%ZYa%dWbT_W^Vc%\VZYaV% TUd^b%YeedTTVV%_ZZdkd_TVX%ndTU%TUV%ZoWXdWm%bYoa^Vh
`_aTd^d̀_WTb%nYa]VX%YW%TUV%aVb`V^TdjV%TVbTbc%_Va%TUV%TVbTb%\oT%
ndTU%_%kYWmVa%XVk_lc%Ya%VjVW%aVTaYb`V^TdjVkl%_T%TUV%VWX%YZ%TUV% º¡»¼½»
_^_XVed^%lV_a%bVVc%Vhmhc%m_an_k%VT%_khc%vwxy%qdWtV%_WX%u_``c% ¨`%TY%bVjVW%`_aTd^d̀_WTb%^YokX%bdeokT_WVYobkl%T_]V%`_aT%dW%
vwxy%laYYb%VT%_khc%vwxgh%rdW_kklc%nV%eobT%WYTV%TU_T%Yoa% Yoa%bToXlh%W%_jVa_mVc%¾h±¾%bToXVWTb%̀_aTd^d̀_TVX%bdeokT_WVYobkl%
nYa]%n_b%`k_WWVX%_WX%^YWXo^TVX%bUYaTkl%\VZYaV%TUV%YWbVT%YZ% s
¬%xhc%a_WmV%¬%xµgh%rYa%kVbb%XdjVabdYW%_WX%eYaV%_WYWledTlc%
TUV%px%`_WXVed^h%}VaVZYaVc%Yoa%TUVYaVTd^_k%_WX% V³_´%
^
U
`_aTd^d̀_WT%b_T%dW%_%nYa]`k_^V%ndTU%XdjdXVab%dW%ZaYWT%YZ%
eVTUYXYkYmd^_k%^YWbdXVa_TdYWb%eYbTkl%ZY^obVX%YW%^YWjVWTdYW_k% _%^Y%e`
oTVah%kk%T_b]b%nVaV%^Ye`kVTV%YW%TUdb%^Ye`oTVah%W%
kV_aWdWm%bVTTdWmb%Ya%^YWjVWTdYW_k%kV_aWdWm%eYX_kdTdVb%TU_T%nVaV% mVWVa_kc%̀_
WTb%_aadjVX%TYmVTUVac%bT_aTVX%TUV%bToXl%TYmVTUVac%
a_TUVa%Tl`d^_k%ZYa%Yoa%aVb`V^TdjV%oWdjVabdTl%\VZYaV%TUV%aVbTad^TdYWb% _WX%nYa]VaXT%d^bd̀_
deokT_WVYobkl%YW%TUV%b`V^d^%T_b]b%\oT%XdX%WYT%
XoV%TY%px%nVaV%de`kVeVWTVXh%}db%dW^koXVbc%ZYa%dWbT_W^Vc% XdaV^Tkl%^Yeeo
TU%V_^U%YTUVa%nUdkV%oWXVamYdWm%TUV%
Z_^VpTYpZ_^V%kV_aWdWm%bdTo_TdYWb%dW%nUd^U%bToXVWTb%kV_aW%_kYWmbdXV% bToXl%_WX%nUdkVW%dk^V__TaVW%dnd
W
m
_aT%ZaYe%_%\adVZ%nVk^YeV%ZaYe%
TUVda%`VVab%ndTU%_%kV^ToaVa%`aVbVWT%_b%nVkk%_b%XdaV^Tkl%dWp^k_bb% TUV%V[`VadeVWTVac%bUYaT%dWhb%T`
a
o
^
b%nUVW%Xd¿VaVWT%T_b]b%nVaV%
de`kVeVWTVX%kV_aWdWm%T_b]b%sbVVc%Vhmhc%_Wm%VT%_khc%vwvxc%ZYa% bo``YbVX%TY%bT_aT%_WX%bTY`c%_TdWYXW%_
%bUYaT%Z_aVnVkk%s_kk%Ya_k%
TUV%\VWVTb%YZ%bo`VajdbVX%dWp^k_bbaYYe%TVbTb%^Ye`_aVX%TY%TVbTb% dWbTao^TdYWb%nVaV%aV_X%YoT%kYoX%ZaYe%
Tbgc%_kk%
_XedWdbTVaVX%YoTbdXV%YZ%^k_bbaYYebgh%qVW^Vc%Yoa%k_\Ya_TYal% e_TVad_kb%_WX%_kk%dWbTao^TdYWb%nVaV%`aVbVbWT_TWVXX%_YaWX%dtTUVXV%%^TYV[e`
bVTTdWm%n_b%dWTVWXVX%TY%edaaYa%_%Tl`d^_k%kV_aWdWm%bdTo_TdYW% }V%V[`VadeVWTVa%sTUV%abT%_oTUYag%YTUVandbV%YWkl%bTY`o`TVVaXh%%
\VZYaV%eYbT%VXo^_TdYW%n_b%Ta_WbZVaaVX%TY%XdbT_W^V%VpkV_aWdWmh TUV%TdeV%ZYa%TdeVpkdedTVX%T_b]bc%e_XV%boaV%TU_T%TUVbV%TdeV%
kdedTb%nVaV%eVTc%_WX%eYWdTYaVX%TU_T%`_aTd^d̀_WTb%mVWVa_kkl%
_XUVaVX%TY%TUV%dWbTao^TdYWb%sVhmhc%TUV%V[`VadeVWTVa%bYeVTdeVb%
%%
aVedWXVX%`_aTd^d̀_WTb%TY%ZoaTUVa%nYa]%YW%TUV%b`V^d^%kV_aWdWm%
T_b]b%dZ%`_aTd^d̀_WTb%U_X%bTY``VX%nYa]dWm%_kTUYomU%TUVl%bTdkk%



¡
¢
£

¤
¥YnVa%n_b%bVT%TY%whwc%_WX%b_e`kVx%bdtV%n_b%^_k^ok_TVX%TY% U_X%TdeV%kV%ZYa%bToXldWmgh
XVTV^T%_%eVXdoe%VZZV^T%s¦%§%whv{gh%¨bdWm%©ª¥YnVa%sr_ok%
VT%_khc%vwwgc%_%`YnVa%_W_klbdb%aVjV_kVX%_%WVVXVX%b_e`kV% ÀÁÂÂÃÄÅ%Æ
bdtV%YZ%«%¬%xx%TY%XVTV^T%_%bdmWdZd^_WT%VZZV^T%s_k̀U_%kVjVk%YZ%  Va%_%\adVZ%nVk^YeV%_WX%_Va%aV_XdWm%_WX%_maVVdWm%TY%TUV%
whw{gmdjVW%TUVaV%db%_W%VZZV^T%saVmaVTT_\klc%nV%k_TVa%aV_kdtVX% nadTTVW%dWZYaeVX%^YWbVWTc%`_aTd^d̀_WTbÇ%XVeYma_`Ud^%eV_boaVb%
nVaV%_bbVbbVX%sVhmhc%_mVc%mVWXVac%Y^^o`_TdYW_k%bT_Tobc%W_TdjV%
x%
oa%bToXl%n_b%`aVpaVmdbTVaVX%\l%b¥aVXd^TVX%sbVV%UTT̀b®¯¯_b`aVXd^TVXhYam¯ k_Wmo_mVc%VTUWd^dTlc%VkX%YZ%bToXlc%_WX%ma_Xo_TdYW%ma_XVgh%
}VaV_Vac%nV%eV_boaVX%_W%dWTVkkdmVW^V%VbTde_TV%obdWm%_%¾pedW%
XeaXh̀XZgh
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TUVWXXTYWUZW%[Z\WWUTUY%]^_`_abc%defg[hU%eUg%i\WZjWXk%lmnoc%pe[Wg% \eUghXq%eUg%TUgTTgfeXXq%e[[TYUWg%Vh%WTVW\%VW%\W\WegTUY%
hU%deggWXWq[%rstuvw%tsvxy`_`zk%deggWXWqk%n{|}c%~f\VW\% ZhUV\hX%ZhUgTVThU%h\%Vh%VW%VW[V%ZhUgTVThU
_`sww_zs`sasx_^vs% W%TUT%T[%e%\WXTepXW%eUg%eXTg%[Z\WWUTUY%
TU[V\fWUV%~h\%YWUW\eX%]fTg%ZhYUTVTW%epTXTVTW[%VeV%eZZf\eVWXq% ®¯°®¯±²³́µ%¶·´¸¹·º%¶·´²³̧³·´
e[[W[[W[%[WWgWg%\We[hUTUY%e[%e%ZhUYXhW\eVW%h~%\We[hUTUYk% §U%VW%\W\WegTUY%ZhUV\hX%ZhUgTVThUk%e\VTZTeUV[%W\W%eYeTU%
ep[V\eZV%VTUjTUYk%eUg%\hZW[[TUY%[WWg%]defg[hU%eUg%i\WZjWXk% \W[WUVWg%TV%VW%VWVphhj%ZeVW\% Wq%W\W%TU[V\fZVWg%Vh%
lmno% W%TUT%TUZXfgW[%|%Ve[j[%VeV%WeZ%ZhU[T[V%h~%e% 
Weg%VW%VWV%e[%hWU%e[%VWq%eUVWg%TU%VW%YTWU%VTW%eUg%
[VeVWWUV%gW[Z\TpTUY%V\WW%YWhWV\TZeX%Yf\W[%][fe\Wk%V\TeUYXWk% \
V
h
eUg%ZT\ZXW%VeV%e\VTZTeUV[%eW%Vh%gWZXe\W%e[%\TYV%h\%\hUY% %XWe\Uk%fUgW\[VeUgk%eUg%Wh\TW%VW%TU~h\eVThU
]~h\%Vh%WeXW%TVW[k%[WW%defg[hU%eUg%i\WZjWXk%lmnlo%eUg% »¯¼¸%¶·´²³̧³·´
eW%%TU%Vh%[hXW%e[%eUq%h~%VW%Ve[j[%e[%h[[TpXW%[TUY% U%VW%VW[V%ZhUgTVThUk%e\VTZTeUV[%W\W%\W[WUVWg%TV%e%XWe\UTUY%
e%[VeUge\g%VepXW%TUZXfgTUY%e%\W\W[WUVeVTW%egfXV%[eXWk%VW% §
hf[Xq%\Weg%VWVphhj%
[f[%h~%Zh\\WZVXq%[hXWg%Ve[j[%ZeU%VWU%pW%V\eU[~h\Wg%Vh% VW[WV%%TVUW[Vf%TZ\hTUUY[T%[gVTWgW%\hW~U%nV%½e%[fWWZ[VV[T%hhU~%[V%W%W\[WW%TW
XVTXWZhTZW%
W[VTeVThU[%h~%TUVWXXTYWUZW%[Zh\W[%]%%nmmk%%%no%ie\VTZTeUV[% fW[VThU[%eUg%hWUWUgWg%fW[VThU[k%TZ%\W\W%ff
T
\
W
g
%[h\V%
W\W%YWUW\eXXq%TU[V\fZVWg%Vh%V\q%VWT\%pW[V%TXW%h\jTUY%hU% eU[W\[%ZhU[T[VTUY%h~%[TUYXW%h\g[%h\%pfXXWV%hTUV[%%peh[%VW
VW[W%Ve[j%h%WU[f\W%VeV%hf\%TU[V\fZVThU[%hfXg%UhV%~\eW% XhUYW\k%h\W%gWVeTXWg%eU[W\[%]e\VTZTeUV[%ZhfXg%YeTU%fXX%%Veh[%%
VW%Ve[j%e[%UWWgXW[%\W[[f\TUY%h\%[V\W[[~fXk%W%Zh\\WZVXq%gW[Z\TpWg% l%hTUV[%W\%Zh\\WZV%eU[W\c%e%eTf%h~%lm%hTUV[%ZhfXg%
VeV%VW%Ve[j%~hZf[Wg%hU%e\VTZTeUV[%\We[hUTUY%eUg%ep[V\eZV% pW%YeTUWgc%~h\%WeXW[k%[WW%¾¿¿ÀÁÂÃÄ%¾
VTUjTUY%epTXTVTW[%pfV%gTg%UhV%WXTZTVXq%TYXTYV%VeV%TV%VW\Wpq%
eX[h%[W\W[%e[%eU%TUVWXXTYWUZWW[VTeVW% T[%e[%ghUW%pWZef[W% ªhXXhTUYk%e\VTZTeUV[%[VeVW%[V\W[[%Zef[Wg%pq%VW%XWe\UTUY%
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[\]V^_^[\UV`z%\_fVX%̀V]X``%[X]_X[V^lU`%^U%mlVW%gX\]U^Uh%_lUY^V^lU`% \%Tg̀Ul%%g^]UXcXX%]a^
U\gd`^`%VX`V^Uh%VWX%X~X_V%lc%VWX%[]XY^_Vl]%gX\]U^Uh%
Vl%VX`V%d[lVWX`^`%p%]Xe]X\Y^Uh%%|jZ%]Xe]X\Y^Uh%%qjZ%VX`V%%pjp|Z% _lUY^V^lU%V%ll%UV%WVXW%X]%X[hl]XV`X`U^Vl^U\g%%\iX
X]_X[V^lU`%\`%§·%§%\UY%Vl%VWX%
VX`V%%qjpZ%%%pjqZ%%%qjqZ%%%qj%% Tqj% ]Xh]X``^lU%\U\gd`^`%VX`V^Uh%VWX%YX^~\VXl_]V%%l`cV%]XVW``X%%[iX
qjq|j%{f[[l]V^Uh%d[lVWX`^`%pZ%[\]V^_^[\UV`%^U%VWX%VX`V% VWX%_]^VX]^lU%gX\]U^Uh%lfV_liX`%\`%§·%¸j%±X%Y\^g̀\Vll%]]%Xc`XV]]%XV`l`%%V[WXX]%_XX~[XV_^lV%Ul`c%%VlWUX%%
_lUY^V^lU%[X]_X^nXY%il]X%`V\VX%`V]X``%Yf]^Uh%\UY%^iiXY^\VXgd% []XY^_Vl]%gX\]U^Uh%_lUY^V^lU%a^VWlfV%_lUV]lgg^Uh%cl]%VWX%iXY^\Vl]%`V]X``%
`%\`%§·%¹%º§»%¼½¼¹%\UY%
\¡X]%VWX%gX\]U^Uh%`^Vf\V^lU%_li[\]XY%Vl%[\]V^_^[\UV`%^U%VWX% [VlX%]V_WXX[%V^Xl~UX`_V%%llUc%%VVWWXX%%_[]]^XVYX]^_^lVlU]%%gXgX\\]]UU^U^Uhh%%l_flVU_lYiX
^lU%lU%VWX%_]^VX]^lU%gX\]U^Uh%
]Xe]X\Y^Uh%_lUV]lg%_lUY^V^lUj%kX%`^X%lc%VW^`%X~X_V%_\U% lfV_liX`%aW^gX%_lUV]lgg^Uh%cl]%VWX%[lVXUV^\g%^ViX
Y^\Vl]%`V]X``%[X]_X[V^lU`%\`%
mX%_g\``^}XY%\`%`i\gg%Vl%iXY^fij
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UVWX%WXYVZ%V[WY\\V]Y[^Y_Y`WVabWY`%cd%e%fghi%jklm%nopfgqirfglqstu% wyW^waY`%¢£¤%̀WZY``%~YZ^Y~WVw[`%xVx%b\`w%[wW%xVYZ%xY~Y[xV[]%
v%e%fgffqu%`XwUV[]%b%aYxVya%^wZZY\bWVw[zg%{V̀%`YZ|Yx%b`%}Z`W% w[%~bZWV^V~b[W`¡%V[WY\\V]Y[^Y_Y`WVabWY`g
`y~~wZW%wZ%~wWXY`V̀%ig%o[WYZY`WV[]\u%WXY%V[WY\\V]Y[^Y_Y`WVabWY%
Ub`%b\`w%`V][V}^b[W\b[x%[Y]bWV|Y\^wZZY\bWYx%UVWX% ¥¦§¨©ª«¬©ª%®¯«¨°±°
~bZWV^V~b[W`%`WbWY%`WZY``%cd%e%fghk%jklm%nopfgllr%fgfstu% ²³~\wZbWwZ%b[b\`Y`%^b[%Y%wy[x%V[%́µµ¶·¸%¹g%{Y`Y%V[^\yxYu%
v%%fgffqu%`XwUV[]%b%aYxVya%^wZZY\bWVw[zg
wZ%V[`Wb[^Yu%b[b\`Y`%w^y`V[]%`Y~bZbWY\%w[%WXY%WXZYY%xVºYZY[W%
V[b\\u%UY%^w[xy^WYx%b%awxYZbWYx%aYxVbWVw[%b[b\`V̀% W
%yY`WVw[`%V[xV^bWV[]%\bWYZ%\YbZ[V[]%wyW^waY`%
jZw^Y``u%awxY\%lkr%bY`u%fqt%Ww%WY`W%b\\%X~wWXY`Y` xY~`Y^`Z%VwY%x}%[V[b%\%WXWYY`%WaY
g%»Y%b\`w%xY~V^W%^wZZY\bWVw[`%
V[^\yxV[]%WXY%WXZYY%b``yaYx%V[WYZb^WVw[%YY^W`%j~wWXY`Y`% baw[]%~bZWV^V~b[W%ZbWWXV[w]x``%%w`Y%^WWXVwY%[ab
%yY`WVw[`%
lu%u%b[x%t`Vay\Wb[Ywy`\%V[%b%`V[]\Y%`WbWV̀WV^b\%awxY\% jb``Y``V[]%WXYVZ%~YZ^Y~WVw[`%b[x%Y|b\y[bVW~Vyw\[b`W%Vww[%%W^XXYY%W^Uw
jb\\%~ZYxV^WwZ`u%WXY%aYxVbWwZu%b[x%WXY%awxYZbWwZ%UYZY% ^w[xVWVw[`t%b[x%~bZWV^V~b[W`%`WZY``%~YZ^Y~WVw[`gl %\YbZ[V[]%
_`Wb[xbZxVYxr%`YY%%%wZ%b%]Zb~XV^b\%V\\y`WZbWVw[%w%
WXY`Y%b``yaYx%ZY\bWVw[`%b[x%wyZ%X~wWXY`Y`tg%Y^by`Y%[wW%
b\\%ZYyVZYaY[W`%UYZY%y\V\\Yx%jXwaw`^Yxb`WV^VW%Ub`%[wW% ¼½¾¿À¾¾½ÁÂ
]V|Y[%wZ%w[Y%~bWX%w%WXY%aYxVbWVw[%b[b\`V̀u%ZYy`^X_b]b[%
WY`W%v%e%fgfhqtu%UY%Zb[%WXV̀%b[b\`V̀%UVWX%XYWYZw`^Yxb`WV^VW% {Y%~ZY`Y[W%UwZ%Ub`%^w[xy^WYx%Ww%̀Vay\Wb[Ywy`\%WY`W%\V[b]Y`%
Zwy`W%`Wb[xbZx%YZZwZ`%VaYxxYx%V[%Zw^Y``g%]bV[u%WXY% baw[]%j\YbZ[V[]t%WY`W`u%b^yWY%`WZY``%~YZ^Y~WVw[`u%V[WY\\V]Y[^Yu%
\YbZ[V[]%^w[xVWVw[%`V][VV^b[W\%~ZYxV^WYx%~bZWV^V~b[W`% b[x%\bWYZ%\YbZ[V[]%wyW^waY`%j`YY%%%wZ%b%]Zb~XV^b\%
~YZ^YV|Yx%̀WZY``%xyZV[]%WXY%\YbZ[V[]%̀VWybWVw[%j~bWX%btu%%e%fgifu% w|YZ|VYU%w%wyZ%X~wWXY`Y`tg%xxZY``V[]%WXY`Y%\V[b]Y`%b[x%
%e%fgfu%jlt%e%gflu%v%e%fgfihg%XY%V[WY\\V]Y[^Y_Y`WVabWY%Ub`% WY`WV[]%wyZ%X~wWXY`Y`%V̀%Y³WZYaY\%ZY\Y|b[W%YwZY%WY`W`b`%
b\`w%b%`V][VV^b[W%~ZYxV^WwZ%wZ%`y^X%`WZY``%~YZ^Y~WVw[`u% ~wWY[WVb\\%xwy\Y_Yx]Yx%`UwZx`bZY%y`Yx%V[%y[V|YZ`VW%b[x%
%e%fghiu%%e%fgqlu%jlt%e%gu%v%e%fgfg%wUY|YZu%WXY% `^Xww\%̀YWWV[]`g%ÃyaabZVV[]u%wyZ%ZY`y\W`%̀y~~wZWYx%b\\%b``yaYx%
V[WY\\V]Y[^Y_Y`WVabWY%xVx%[wW%awxYZbWY%WXV̀%[Y]bWV|Y%YY^W% abV[%YºY^W`%jaw`W%YºY^W%`VY`%^b[%WXYZY%Y%^bWY]wZVYx%b`%
w%WXY%\YbZ[V[]%^w[xVWVw[%w[%`WZY``%~YZ^Y~WVw[`%j\YbZ[V[]% `ab\\%Ww%aYxVyat%yW%[w[Y%w%WXY%b``yaYx%V[WYZb^WVw[%YºY^W`g%
^w[xVWVw[V[WY\\V]Y[^Y_Y`WVabWYtu% %e%fgqfu% %e%fgqku% o[%awZY%xYWbV\u%wyZ%xbWb%VY\xYx%WXbW%WY`W`%\Yx%Ww%XV]XYZ%\bWYZ%
jlt%e%fgllu%v%e%fglg%bY[%Ww]YWXYZu%WY`W`%\Yx%Ww%awZY% \YbZ[V[]%wyW^waY`%q%UYY%bÄYZ%WXY%\YbZ[V[]%~Xb`Y%^wa~bZYx%
b^yWY%`WZY``%~YZ^Y~WVw[`%WXb[%WXY%ZY_ZYbxV[]%^w[WZw\%Wb`u% Ww%WXY%ZY_ZYbxV[]%^w[WZw\%^w[xVWVw[g%{V̀%}W`%WXY%\VWYZbWyZY%
UXV^X%b]bV[%̀y~~wZWYx%~wWXY`V̀%g%wWb\u%b\WXwy]X%XV]XYZ% aY[WVw[Yx%V[%WXY%o[WZwxy^WVw[%b[x%b]bV[%`XwU`%WXY%Y[Y}W`%
V[WY\\V]Y[^Y%Ub`%]Y[YZb\\%\V[Yx%Ww%\wUYZ%`WZY``%~YZ^Y~WVw[`u% w%b~~\V[]%WY`W`%b`%xVÅ^y\W%\YbZ[V[]%Wb``%jYg]gu%ÆwU\b[xu%fqir%
WXY%YY^W%w%WXY%\YbZ[V[]%^w[xVWVw[%w[%`WZY``%~YZ^Y~WVw[`% xY`w~Y%YW%b\gu%fqr%Çb[]%YW%b\gu%fqtg%wUY|YZu%b\`w%V[%\V[Y%
Ub`%[wW%awxYZbWYx%%WXY%V[WY\\V]Y[^Y_Y`WVabWYu%WXYZY%[wW% UVWX%wyZ%b``ya~WVw[`%b[x%WXY%V[%WXY%o[WZwxy^WVw[%^VWYx%\VWYZbWyZY%
`y~~wZWV[]%~wWXY`V̀%lg% wZYw|YZu%`WbWY%`WZY``u%V[%WyZ[u% jYg]gu%V[Y%b[x%Æb~~u%fqir%»Y[Y\%b[x%ÆYV[XbZxu%fqtu%WXY%
b]bV[%~ZYxV^WYx%~bZWV^V~b[W`%\bWYZ%\YbZ[V[]%wyW^waY`%j~bWX% WY`W%^w[xVWVw[%b\`w%V[^ZYb`Yx%~bZWV^V~b[W`%b^yWY%̀WZY``%~YZ^Y~WVw[`%
tu%%e%qgfqu%%e%fglfu%jht%e%gfiu%v%e%fgfilg%XY% xyZV[]%b[x%xVZY^W\%bÄYZ%\YbZ[V[]%^wa~bZYx%Ww%WXY%ZY_ZYbxV[]%
V[WY\\V]Y[^Y_Y`WVabWY%Ub`u%^w[WZbZ%Ww%WXY%~ZY|Vwy`\%^w[xy^WYx% ^w[xVWVw[g%\WXwy]X%WXY%xY`^ZV~WV|Y%̀WbWV̀WV^`%w%̀WZY``%~YZ^Y~WVw[`%
^wZZY\bWVw[b\%b[b\`V̀u%[wW%b%`V][VV^b[W%~ZYxV^WwZ%wZ%\bWYZ% UYZY%[wW%Y³WZYaY\%XV]X%jaVx~wV[W%w%WXY%`^b\Y%e%gffu%
\YbZ[V[]%wyW^waY`u%%e%qgqu%%e%fgu%jht%e%qghu%v%e%fgfg% ÈZY_ZYbxV[]%e%qgkku%ÈWY`W%e%gqt%b[x%WXY%`VY%w%WXY%YºY^W%Ub`%w[\%
XY%V[WY\\V]Y[^Y_Y`WVabWY%xVx%b\`w%[wW%awxYZbWY%WXY%xYWZVaY[Wb\% `ab\\%Ww%aYxVyau%wyZ%ZY`y\W`%`XwUYx%WXbW%Y|Y[%\wU_`WbY`%
YY^W%w%`WZY``%~YZ^Y~WVw[`%w[%\bWYZ%\YbZ[V[]%wyW^waY`%j`WZY``% \YbZ[V[]%WY`W`%UYZY%~YZ^YV|Yx%b`%awZY%xYab[xV[]u%awZY%
~YZ^Y~WVw[`V[WY\\V]Y[^Y_Y`WVabWYtu% %e%fgqu% %e%fgliu% WXZYbWY[V[]u%b[x%awZY%`WZY``y\%WXb[%ZY_ZYbxV[]%w%~ZY|Vwy`\%
jht%e%fgu%v%e%fgkg%Xy`u%XV]XYZ%`WZY``%~YZ^Y~WVw[`%UYZY% `WyxVYx%abWYZVb\`g%o[%WyZ[u%`y^X%`WZY``%~YZ^Y~WVw[`%UYZY%WXY[%
b]bV[%\V[Yx%Ww%\wUYZ%\bWYZ%\YbZ[V[]%wyW^waY`u%UXV^X%b]bV[% [Y]bWV|Y\%\V[Yx%Ww%\bWYZ%\YbZ[V[]%wyW^waY`u%WXy`%`y~~wZWV[]%
`y~~wZWYx%~wWXY`V̀%hg%wUY|YZu%V[WY\\V]Y[^Y%[YVWXYZ% ~ZY|Vwy`%UwZ%WXbW%b\`w%ZY~wZWYx%xYWZVaY[Wb\%YºY^W`%w%`WZY``%
~ZYxV^WYx%\bWYZ%\YbZ[V[]%wyW^waY`%[wZ%awxYZbWYx%WXY% b[x%b[³VYW%w[%\YbZ[V[]%jYg]gu%ÃYV~~u%qkkqr%V[Y%b[x%Æb~~u%
xYWZVaY[Wb\%YY^W%w%̀WZY``%w[%\bWYZ%\YbZ[V[]%wyW^waY`u%XY[^Yu% fqir%ÃwWbZxV%YW%b\gu%fftg%o[WYZY`WV[]\u%`y^X%V[^ZYb`Yx%`WZY``%
[YVWXYZ%`y~~wZWV[]%~wWXY`V̀%i%[wZ%~wWXY`V̀%g% ~YZ^Y~WVw[`%`YZ|Yx%b`%b%`y~~ZY``wZ%w%WXY%Y[Y}^Vb\%YºY^W`%w%
yZWXYZawZYu%WXYZY%Ub`%b%`V][VV^b[W%xVZY^W%YY^W%j~bWX%^¡t% WY`W`%w[%\bWYZ%\YbZ[V[]%wyW^waY`%jb%aYxVbWVw[%b[b\`V̀%wy[x%
w%WXY%\YbZ[V[]%^w[xVWVw[%w[%\bWYZ%\YbZ[V[]%wyW^waY`u% b[%V[xVZY^W%YºY^W%w%WXY%\YbZ[V[]%^w[xVWVw[%w[%\w[]_WYZa%\YbZ[V[]%
%e%gliu%%e%fglu%jht%e%gku%v%e%fgffig%XV̀% YY^W% ¢£¤%̀WZY``%~YZ^Y~WVw[`t%{Y%xVZY^W%YºY^W%w%WXY%\YbZ[V[]%^w[xVWVw[%
Ub`%b\`w%[wW%awxYZbWYx%%WXY%V[WY\\V]Y[^Y_Y`WVabWY% ^w[WZw\\V[]%wZ%`WZY``%~YZ^Y~WVw[`%Ub`%`WZw[]YZ%WXb[%WXY%WwWb\%
j\YbZ[V[]%^w[xVWVw[V[WY\\V]Y[^Y_Y`WVabWYtu%%e%fgqfu%%e%qgfqu% YºY^W%w%WXY%\YbZ[V[]%^w[xVWVw[%UVWXwyW%^w[WZw\\V[]%wZ%xVºYZY[^Y`%
jht%e%fgqf%v%e%fgkqkg%XY`Y%V[xV[]`%b]bV[%`XwUYx%WXbW% V[%̀WZY``%~YZ^Y~WVw[`g%{y`u%WXY%Y[Y}^Vb\%\wU_`WbY`%WY`W%V[^ZYb`Yx%
WY`W`%UYZY%awZY%Y[YV^Vb\%wZ%~bZWV^V~b[W`%\bWYZ%\YbZ[V[]% ~bZWV^V~b[W`%VaaYxVbWY%`WZY``%~YZ^Y~WVw[`%b[x%WXY`Y%WZV]]YZYx%
wyW^waY`%WXb[%WXY%ZY_ZYbxV[]%^w[WZw\%Wb`%b[x%WXbW%WXV̀% `WZY``%~YZ^Y~WVw[`%UYZY%V[%WyZ[%ZY\bWYx%Ww%xY^ZYb`Y`%w%Y[Y}W`%
Y[YV^Vb\%YY^W%Ub`%V[xY~Y[xY[W%w%~bZWV^V~b[W`%V[WY\\V]Y[^Yg%
XV̀%b]bV[%`y~~wZWYx%~wWXY`V̀%q%yW%[wW%~wWXY`V̀%g% l%
XY%V[xVZY^W%YY^W%w%WXY%\YbZ[V[]%^w[xVWVw[%w[%\bWYZ%\YbZ[V[]% »Y%Uwy\x%\VY%Ww%WXb[%b[%b[w[awy`%ZY|VYUYZ%wZ%WXV̀%`y]]Y`WVw[g
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TU%VWX%VXYVZ%[X\]X^%_V̀WTabW%VWX%VXYV%]T\cdVdT\%e_Y%YVd̀f̀_g̀XdV% TU%gX\Xh]d_%̀X̀_i\d\b%XlX]VY%TU%VXYVY^%d\]iX_YXc%YViXYY%mXi]XmVdT\Y%
X̀YYfgX\Xh]d_%̀UTi%`_VXi%X̀_i\d\b%TaV]TjXY^%dV%e_Y%XkX\%jTiX% _Y%\Xb_VdkX%pYdcXw%XlX]VY%]_aYXc%g{%VXYVY^%cXVidjX\V_%̀XlX]VY%
XlX]VdkX%eWX\%d\cdkdca_%̀cdlXiX\]XY%d\%YViXYY%mXi]XmVdT\Y%eXiX% TU%Ya]W%d\]iX_YXc%YViXYY%mXi]XmVdT\Y^%_\c%_ỲT%mTVX\Vd_%̀jTcXi_Vd\b%
]T\ViT`X̀c%UTiZ%naiVWXijTiX^%_Y%W_Y%ToX\%gXX\%YWTe\%gXUTiX% XlX]VY%TU%X̀_i\XiY%d\VX`d̀bX\]X%W_Y^%VT%Tai%x\TeX̀cbX^%\TV%gXX\%
pYXX^%XZbZ^%qa\]X%̀XV%_Z̀^%rsstu%nXibaYYT\%XV%_Z̀^%rssvw^%WdbWXi% cT\X%gXUTiXZ%[X\]X^%Tai%YVac{%WdbWd̀bWVY%djmTiV_\V%iXYX_i]W%
d\VX`d̀bX\]X%e_Y%d̀\yxXc%VT%WdbWXi%_]WdXkXjX\V%_\c%WdbWXi%`_VXi% dYYaXY^%a\d¡aX`{%]T\VidgaVXY%VT%VWX%iXYX_i]W%hXc̀^%_\c%miXYX\VY%
X̀_i\d\b%TaV]TjXYZ%zTV_g`{^%WdbWXi%d\VX`d̀bX\]X|XYVdj_VX%Y]TiXY% h\cd\bY%VW_V%_iX%X¦ViXjX`{%YVdja`_Vd\b%UTi%UaVaiX%eTixZ%TYdVdkX`{^%
eXiX%_ccdVdT\_``{%iX`_VXc%VT%T̀eXi%YViXYY%mXi]XmVdT\Y%d\%VWX% eX%VWXiXUTiX%]T\ca]VXc%_%`_gTi_VTi{%YXVVd\b%VW_V%e_Y%Ydjd̀_i%
X̀_i\d\b%YdVa_VdT\Z%}aY^%WdbWXi%d\VX`d̀bX\]X%galXiXc%UXXd̀\bY% VT%iX_d̀YVd]%X̀_i\d\b%YdVa_VdT\Y%d\%a\dkXiYdV{%YXVVd\bY%p_V%X̀_YV%
_\c%mXi]XmVdT\Y%TU%VWiX_V^%cXj_\cY^%Ti%miXYYaiXfeWd]W%dY%_ỲT% d\%VWdY%iXYmX]VdkX%a\dkXiYdV{%_\c%gXUTiX%VWX%TaVgiX_x%TU%VWX%
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|TaVgiX_x%_\c%VWX%iXYaV̀d\b%YVTm%TU%Tai%`_gTi_VTi{%YVac{f k_i{d\b%]TjmX̀¦%VXYV%¡aXYVdT\Y%_\c%cd ]aV̀%_\c%]aiid]a`_i%
Yj_`X̀i%VW_\%%]_`]a`_VXc%p_\c%VWX%%]T\ca]VXc% d\UTij_VdT\fYWTac̀%gX%_mmd̀]_gX̀%_\c%Vi_\YUXi_gX̀%VT%X̀_i\d\b%
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~\VXiXYVd\b`{^%d\VX`d̀bX\]X%e_Y%_ỲT%mTYdVdkX`{%]TiiX`_VXc%edVW%m_iVd]dm_\VY%\ajgXi% g{%VXYVY%VW_V%X̀]VaiXY%YWTac̀%]T\YdcXi%_\c%xXXm%d\%jd\c%eWX\%
TU%]TiiX]V`{%_\YeXiXc%VXYV%¡aXYVdT\Y%d\%VWX%VXYV%]T\cdVdT\%p¢%%tr^%%%sZts^% cXYdb\d\b%_\c%aYd\b%VXYVYZ%kX\%VWTabW%VWXYX%XlX]VY%eXiX%
%%sZsswZ%}X%\ajgXi%TU%]TiiX]V`{%_\YeXiXc%VXYV%¡aXYVdT\Y%e_Y%VWX\^%d\% X¦mX]VXc^%VWX{%_iX%YVd̀%̀YV_iVd̀\b%d\YTU_i%_Y%VW_V%VWX%_mmd̀Xc%
Vai\^%mTYdVdkX`{%]TiiX`_VXc%edVW%m_iVd]dm_\VY%̀T\b|VXij%̀X_i\d\b%p¢%%tr^%%%sZy^% VXYV%e_Y%YWTiV^%cdc%\TV%UT]aY%T\%X¦]XYYdkX`{%YViXYY|d\ca]d\b%
%£%sZssw%_\c%\Xb_VdkX`{%edVW%VWXdi%_]aVX%YViXYY%mXi]XmVdT\Y%p¢%%tr^%%%¤sZvt^% j_VXid_Ỳ^%_\c%W_c%\T%]T\YX¡aX\]X%UTi%m_iVd]dm_\VY¥%XkXi{c_{%
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UVVWVX%YZ%[ZX%\]^_``a]X%bZX%_^c%da^e]fcX%gZ%YZ%hijklmZ%Y]n^aoaWV%_paqaorX%Vs_tu
fVq_oVc%Vt]oa]^v%_^c%Vs_t%wVfe]ft_^`Vx%_%yVqc%vozcr%a^%_%`]qqVnV%vVooa^nZ%
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hijkkmZ%´VvouV^_^`Vc%qV_f^a^n%a^%oV%`q_vvf]]tx%q]^nuoVft%atwf]WVtV^ov%
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´]pa_vX%bZ%hkªlmZ%´Vvo%^saVorx%Y]n^aoaWV%¹^oVfeVfV^`V%]f%¹^_cVµz_oV%±fVw_f_oa]^¼%
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¯¦}%®|~¤%«xkjk«jZ%c]ax%kjZkjkZqt]oZijijZkjk«j
dzX%bZX%Ó_^nX%²ZX%±_fvubo_ttX%gZ%ZX%°zX%ÓZX%aX%ÐZX%_^c%YzaX%ÏZ%hijikmZ%
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Ð_^nX%YZX%YV^X%ZX%_^c%YV^X%ÐZ%hijikmZ%Y]qqVnV%vozcV^ovÔ%vofVvv%_^c%V_qo%
a^%oV%YÀÊ¹³uk%w_^cVtàx%oV%f]qV%]e%_`_cVtà%¨]fq]_cX%vVw_f_oa]^%
ef]t%v`]]qX%_^c%eV_fv%]e%`]^o_na]^Z%¯|£%Õ}%kxVjil«Z%c]ax%kjZk«k
]zf^_qZw]^VZjil«
Ð_^nX%YZX%[z]X%[ZX%Ê_caqq]X%Z%ZX%ÐzX%UZX%_^c%b_^vX%³Z%UZ%hijikmZ%´Vvoa^n%
hµza¶¶a^nm%p]]vov%`q_vvf]]t%qV_f^a^nx%_%vrvoVt_oà%_^c%tVo_u_^_qroà%fVWaV¨Z%
|%» %kl«X%lZ%c]ax%kjZkj«pzqjjjjj
ÐzX%°ZX%[azX%±ZX%°z_^nX%ÏZX%_^c%Y_]X%ÐZ%hijikmZ%´V_`Vf%]^qa^V%a^e]ft_q%qV_f^a^n%
_v%_%tV_^v%o]%a^^]W_oaWV%oV_`a^n%czfa^n%]tV%µz_f_^oa^V%a^%oV%YÀÊ¹³uk%
w_^cVtàZ%Á|}~%|%kixªiZ%c]ax%kjZªewvrnZijikZªi
ÓVac^VfX%Z%hkªmZ%±VfvwV`oaWVv%]^%¹^caWacz_q%³aVfV^`VvX%a^%~%¥}·~Ö%
Å%£~¦~%|%~%¥~%h©V¨%Ð]fx%±qV^zt%±fVvvm
Ó_^nX%ÐZX%_^c%[azX%\Z%hijikmZ%±vr`]q]nà_q%cavofVvv%_t]^n%Ya^VvV%`]qqVnV%
vozcV^ov%czfa^n%oV%YÀÊ¹³uk%w_^cVtàx%c]Vv%_ooaozcV%o]¨_fc%]^qa^V%̀]zfvVv%
t_ooVf¼%Á|}~%|%kixiZ%c]ax%kjZªewvrnZijikZi
×ØÙÚÛÜÝ%ØÞ%ßÙÝàáàâÝã%¬V%_zo]fv%cV`q_fV%o_o%oV%fVvV_f`%¨_v%`]^cz`oVc%a^%
oV%_pvV^`V%]e%_^r%`]ttVf`a_q%]f%y^_^`a_q%fVq_oa]^vawv%o_o%`]zqc%pV%`]^vofzVc%
_v%_%w]oV^oa_q%`]^Èào%]e%a^oVfVvoZ
äåæçÛâèàáéâ%êØÝàã%qq%`q_atv%VswfVvvVc%a^%oav%_foàqV%_fV%v]qVqr%o]vV%]e%oV%
_zo]fv%_^c%c]%^]o%^V`Vvv_faqr%fVwfVvV^o%o]vV%]e%oVaf%_Òqa_oVc%]fn_^a¶_oa]^vX%
]f%o]vV%]e%oV%wzpqavVfX%oV%Vcao]fv%_^c%oV%fVWaV¨VfvZ%^r%wf]cz`o%o_o%t_r%
pV%VW_qz_oVc%a^%oav%_foàqVX%]f%`q_at%o_o%t_r%pV%t_cV%pr%aov%t_^ze_`ozfVfX%av%
^]o%nz_f_^oVVc%]f%V^c]fvVc%pr%oV%wzpqavVfZ
{|~%ë%ÌÄÌÃ%ì}í%¦}%É}¦%Å%%¦}%|}¢¦%¦~%~¾~%
}%~%~%|%~%{¦~¤%{||}%¥~~¾~|}%¯}%î{{%»ïð%Å%ñ%
~¾~|}%|%|~|}%}%|~%|%%~~ñ%|¤%~%|}¦%
¦~|îð%¦}%~%|~%|¡}îð%¦%~%¦}%~¦~%~%|}¦%¾¦~|}%
}%~%Î|}¦%%~ñ%}%¦|¦}%¡~%¦~%¦¦%¦~%ò|%ñ%
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UVVWXYZ[%U%\%]U^W_ZU`a

bcdefgchi%cjk%elcmnhe%gdemi%odfcjihcdek%pqf%drgi%nfeiejdcdgqjs%tiek%mcdefgchi%gj%uefmcjv
wlcmnhe%xteidgqji%qp%dre%xteidgqji%cnnhgek%gj%dre%hecfjgjy%deid%gj%dre%deid%zqjkgdgqj{
|}%~rcd%gi%mecjd%%zefefch%kqmgjcjze
%%%%%%%%%%
}%j%cnfclgcs%rgzr%dne%qp%mqdqf%ptjzdgqjmqemejd%gi%kgidtfek{%
}%~rcd%irqthk%dre%ncdgejd%ejtmefcde%ktfgjy%dre%iqkgtm%cmdch%deid
ocv%qdrgjy
ov%gzthd%drgjyi%oe}y}s%cjiefi%dq%zqmnhel%mcdr%nfqhemis%idcdemejdisv
ozv%~ehhjqj%drgjyi%oe}y}s%dre%heddefi%qp%dre%chnrceds%dre%kci%qp%dre%eesv
okv%bcketn%drgjyi%oe}y}s%pfeeh%gjejdek%jcmeisv
bcjgnthcdgqj%zrez%xteidgqji%cnnhgek%cd%dre%ejk%qp%eiigqj%|{
|}%¡q%kgzthd%kgk%qt%¢jk%qfgjy%qj%dre%iezqjk%hecfjgjy%nrcie%qje%o£¤%¤v%dq%¢e%o£¤%¥¦v}
}%¡
%q%rehnpth%pqf%fedcgjgjy%dre%hecfjgjy%mcdefgch%kgk%qt%¢jk%qfgjy%qj%dre%iezqjk%hecfjgjy%nrcie%qje%o%§¨%%
v%dq%¢e%o£¤%§¨v}
}%%
¡q%ozqyjgdgehv%idfejtqti%kgk%qt%¢jk%qfgjy%qj%dre%iezqjk%hecfjgjy%nrcie%qje%o%%%v%dq%¢e%
o£¤%v}
©}%¡q%qthk%qt%mqid%hgeh%echtcde%dre%iezqjk%hecfjgjy%nrcie%ªi%s%qje%o%«v%dq%¢e%o%v}
¬}%¡q%qthk%qt%eid%keizfge%dre%iezqjk%hecfjgjy%nrcie%ªis%qje%o¤%«£v%dq%¢e%o¤%§£v}
®}%¡q%ehh%kq%qt%drgj%qt%rce%qfek%drfqtyr%dre%iezqjk%hecfjgjy%nrcie%qje%o£¤%§v%dq%¢e%o£¤%v}

UVVWXYZ[%¯%\%W[V`°_U^°_±%UXU`±aWa

wlnhqfcdqf%cjchiei%pqztigjy%qj%dre%drfee%kg²efejd%dnei%qp%¢jch%deid%xteidgqji{
³qjigkefgjy%qjh%dre%¢jch%deid%xteidgqji%drcd%efe%gkejdgzch%dq%dre%xteidgqji%nqiek%gj%dre%hecfjgjy%deid%gj%eiigqj%|%
opqhhqgjy{%¥%´%%vs%ncfdgzgncjdi%efe%qj%cefcye%che%dq%yge%®}¬|%qp%||%o¬µ}|¶·v%zqffezd%cjiefi%o¸¹%º%}»¶s%
fcjye{%|¼|»v}%~e%drej%zqjktzdek%c%deid%dq%zqmncfe%hcdef%hecfjgjy%qtdzqmei%gjkgzcdek%qjh%%dre%gkejdgzch%¢jch%deid%xteidgqji%
pqf%ncfdgzgncjdi%gj%qdr%hecfjgjy%zqjkgdgqji{%½fefeckgjy%º%®}»»s%¸¹fefeckgjy%º%}|®s%½deid%º%¾}»¾s%¸¹deid%º%|}¶¾s%o¶¾v%º%¿}©µs%§%º%»}»|¬s%
¥%º%¿»}¬%oµ¬·%³À¿»}µ¬Á%¿»}|»Âv}%ªi%ciitmeks%ncfdgzgncjdi%gj%dre%deid%zqjkgdgqj%cjiefek%mqfe%gkejdgzch%¢jch%deid%xteidgqji%
zqffezdh%drcj%ncfdgzgncjdi%gj%dre%fefeckgjy%zqjdfqh%zqjkgdgqj}%Ãe%igÄe%qp%drgi%e²ezd%zcj%e%gjdefnfedek%ci%mekgtm}
³qjigkefgjy%qjh%dre%¢jch%deid%xteidgqji%drcd%efe%ihgyrdh%zrcjyek%efigqji%qp%xteidgqji%nqiek%gj%dre%hecfjgjy%deid%gj%
eiigqj%|%dq%ciieii%dfcjipef%opqhhqgjy{%¨%´%%vs%ncfdgzgncjdi%efe%qj%cefcye%che%dq%yge%}©|%qp%µ%o¾}¶µ·v%
zqffezd%cjiefi%o¸¹%º%|}¶»s%fcjye{%»¼¶v}%~e%drej%zqjktzdek%c%deid%dq%zqmncfe%hcdef%hecfjgjy%qtdzqmei%gjkgzcdek%qjh%%dre%
dfcjipef%¢jch%deid%xteidgqji%pqf%ncfdgzgncjdi%gj%qdr%hecfjgjy%zqjkgdgqji{%½fefeckgjy%º%}»s%¸¹fefeckgjy%º%|}®»s%½deid%º%}¶s%¸¹deid%º%|}µs%
o¶¾v%º%¿}|¶s%§%º%»}»s%¥%º%¿»}©®%oµ¬·%³À¿»}¶¶Á%¿»}»©Âv}%ªi%ciitmeks%ncfdgzgncjdi%gj%dre%deid%zqjkgdgqj%cjiefek%mqfe%dfcjipef%
¢jch%deid%xteidgqji%zqffezdh%drcj%ncfdgzgncjdi%gj%dre%fefeckgjy%zqjdfqh%zqjkgdgqj}%Ãe%igÄe%qp%drgi%e²ezd%zcj%e%gjdefnfedek%
ci%mekgtm}
³qjigkefgjy%qjh%dre%¢jch%deid%xteidgqji%drcd%efe%je%cjk%pqztiek%qj%gjpqfmcdgqj%drcd%efe%nfeiejdek%gj%dre%deldqq%
zrcndef%td%drcd%rck%jqd%eej%gmnhemejdek%gj%dre%hecfjgjy%deid%gj%eiigqj%|%opqhhqgjy{%%´%%vs%ncfdgzgncjdi%
efe%qj%cefcye%che%dq%yge%}µ%qp%¾%o¬®}|©·v%zqffezd%cjiefi%o¸¹%º%©}©s%fcjye{%|¼¾v}%~e%drej%zqjktzdek%c%deid%dq%zqmncfe%
hcdef%hecfjgjy%qtdzqmei%gjkgzcdek%qjh%%dre%je%¢jch%deid%xteidgqji%pqf%ncfdgzgncjdi%gj%qdr%hecfjgjy%zqjkgdgqji{%½fefeckgjy%º%}¶¬s%
¸¹fefeckgjy%º%|}s%½deid%º%©}»s%¸¹deid%º%|}¬©s%o¶¾v%º%¿»}¬¾s%§%º%»}¬¾s%¥%º%¿»}|%oµ¬·%³À¿»}¬©Á%»}¾Âv}%Åcfdgzgncjdi%gj%dre%deid%zqjkgdgqj%
kgk%jqd%igyjg¢zcjdh%cjief%mqfe%je%¢jch%deid%xteidgqji%zqffezdh%drcj%ncfdgzgncjdi%gj%dre%fefeckgjy%zqjdfqh%zqjkgdgqj}
qdchs%dreie%elnhqfcdge%¢jkgjyi%gjkgzcde%drcd%dre%eje¢zgch%e²ezdi%qp%deidi%qjh%cfgie%pqf%gjpqfmcdgqj%drcd%efe%czdtchh%
qfek%qj%ktfgjy%dre%hecfjgjy%deid%cjk%jqd%pqf%gjpqfmcdgqj%drcd%ncfdgzgncjdi%feck%gj%dre%gjgdgch%idtk%qnnqfdtjgd%td%drcd%
rck%jqd%eej%ncfd%qp%dre%hecfjgjy%deid}
wlnhqfcdqf%zqffehcdgqjch%cjchiei%irqek%drcd%ncfdgzgncjdi%idfeii%nefzendgqji%efe%jeycdgeh%zqffehcdek%dq%gkejdgzch%¢jch%
deid%xteidgqji%o%º%¿»}|¶s%§%º%»}»µ¬vs%dfcjipef%¢jch%deid%xteidgqji%o%º%¿»}®s%§%Æ%Ç»|©Á%irqgjy%c%imchh%dq%mekgtm%zqffehcdgqjvs%
cjk%je%¢jch%deid%xteidgqji%o%º%¿»}»s%§%Æ%Ç}»¬¬v}%qdchs%qjh%dre%zqffehcdgqj%qp%dfcjipef%¢jch%deid%xteidgqji%cjk%ncfdgzgncjdi%
idfeii%nefzendgqj%feczrek%igyjg¢zcjze%rej%tigjy%dqigkek%deidi%odre%zqffehcdgqji%cmqjy%idfeii%nefzendgqji%cjk%gkejdgzch%ci%
ehh%ci%je%¢jch%deid%xteidgqji%zcj%e%keizfgek%ci%mcfygjchh%igyjg¢zcjd%cjk%feczrek%igyjg¢zcjze%rej%tigjy%qjeigkek%
deidiv}%Ètfdref%elnhqfcdqf%cjchiei%gehkek%drcd%dre%drfee%zqffehcdgqj%zqezgejdi%kgk%jqd%igyjg¢zcjdh%kg²ef%pfqm%eczr%qdref%
ochh%§i%É%»}v}
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UVWXYZW%Z[\]^W_X^W`%a^WWZ]_Xb^c_]%_c_]`dZd%e^Vcf%XY_X%\_WXbab\_cXdg%bcXZ]]bhZcaZiZdXbj_XZd%kZWZ%dbhcbla_cX]`%_cf%\^dbXbmZ]`%
a^WWZ]_XZf%X^%bfZcXba_]%lc_]%XZdX%nVZdXb^cd%op%q%rstuv%w%q%rsrrxyv%XW_cdeZW%lc_]%XZdX%nVZdXb^cd%op%q%rszrv%w%{%|}rr~yv%_cf%cZk%lc_]%
XZdX%nVZdXb^cd%op%q%rst~v%w%{%|srys%Vdv%YbhYZW%bcXZ]]bhZcaZiZdXbj_XZd%kZWZ%hZcZW_]]`%]bcZf%X^%YbhYZW%]_XZW%]Z_Wcbch%^VXa^jZd%
e^W%XYZ%XYWZZ%fbZWZcX%X`\Zd%^e%lc_]%XZdX%nVZdXb^cd%odY^kbch%jZfbVj%a^WWZ]_Xb^cdys%UVWXYZW%Z[\]^W_X^W`%_c_]`dZd%dY^kZf%XY_X%
XYZ%XYWZZ%a^WWZ]_Xb^c%a^ZabZcXd%fbf%c^X%dbhcbla_cX]`%fbZW%eW^j%Z_aY%^XYZW%o_]]%wd%%rsztys
[\]^W_X^W`%_c_]`dZd%e^aVdbch%^c%XYZ%a^WWZ]_Xb^cd%_j^ch%\_WXbab\_cX%dXWZdd%\ZWaZ\Xb^cd%_cf%XYZ%db[%nVZdXb^cd%aYZabch%XYZ%
j_cb\V]_Xb^c%^e%XYZ%Xk^%]Z_Wcbch%a^cfbXb^cd
%G%%A76976>%?766;A9:78<%O78B%9@;%<:%O8:JA9:78%?@;?%J;<9:78<%8%69:?:89<%<96;<<%;6?;9:78<%%%TQE
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