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CHAPTER I: Introduction and aims

1. Synopsis

Memory and learning rank among the most fascinating phenomena in psychology,
filling a countless number of books. However, theories and empirical studies on learning
oftentimes focus on rote memory of isolated items (e.g. words, syllables or facts). From a
psychological view, less is known about the retention of more complex material, like
mathematical concepts and procedures. This also applies to a prominent learning strategy
that is known as spacing or distributed practice. With distributed practice, a given learning
duration is interrupted by at least one break of variable length. In contrast, with massed
practice the same total time is spent learning, but without interruption. Although the
theoretical explanation for the positive effect of distributed practice is still a matter of
debate, there is a rich body of empirical evidence proving the positive effect on the
retention of verbal material. Beyond rote memory, however, the empirical grounds
regarding the effect of distributed practice are sparse.

In my dissertation I address this research gap by investigating the effect of
distributed practice on the mathematical performance of school students. The dissertation
is structured as follows: The subsequent introductory sections provide a compilation of
theories on learning and empirical results regarding the positive effect of distributed
practice. The main purpose is to expose distinctive features of mathematical learning and
practice and to review the few available studies on distributed practice with mathematical
material, especially considering their contribution to research on distributed practice that
goes beyond rote memory. The three ensuing chapters cover the three studies I conducted
on distributed mathematical practice in school, including experiments with third and
seventh graders as well as high school students. In the final chapter of my dissertation, the

results of the three studies are summarized and discussed.
2. Memory

In Cowan’s Embedded processes model of working memory (Cowan, 1999), three
levels of memory are distinguished: First, the long-term memory holds all information that
is stored for more than just a few moments. At any given time, only a part of this
information is activated, either consciously or unconsciously. This activated part of long-
term memory constitutes the second level of memory and can also be considered as short-
term memory. If information is highly activated and a person additionally is aware of this
information, it is in the focus of attention, which constitutes the third level of memory.

Cowan (1999) assumes a time limit for the activation of an item, that is, the level of



CHAPTER I: Introduction and aims

activation of an item fades with time, and a capacity limit for the focus of attention, that is,
only a limited amount of items or information can be in the focus of attention at once.
Generally, no such limits are assumed for the long-term memory store per se (Bjork &
Bjork, 1992; Cowan, 1999).

The allocation of attention can happen either automatically, that is, it can be the
result of exceptional occurrences (like a loud noise or a flash of light), or attention can be
allocated consciously. This deliberate allocation of attention is controlled by the central
executive, which can also be described as the control center of the focus of attention
(Cowan, 1999). Via the central executive, attention is directed and processing of
information is regulated (Cowan, 1999; Norman & Shallice, 1986). The functions of the
central executive can be further specified. Often, three executive functions are
distinguished (Miyake et al., 2000): Shifting describes the ability to alternate between
different cognitive demands. Updating, sometimes also referred to as working memory,
means the constant monitoring of the information at hand with the objective to hold
relevant information at disposal and disregard information that is not relevant (anymore).
Inhibition is the ability to suppress automatic but unwanted reactions (Miyake et al., 2000).

The long-term memory store is generally assumed to have an associative structure
(Anderson, 2013; Lefrancois, 2015). That is, separate items or information chunks are not
stored independently from each other but linked, similar to a network. According to Cowan
(1999), different processes influence the structure of this memory network, namely
encoding, maintenance and retrieval, which will be described in further detail now: Items
and features of memory can be activated by new or known stimuli, which are then encoded
and result in new or adapted memory traces. Cowan (1999) states that the encoding of a
stimuli is defined by the specific composition of simultaneously activated features at the
time of the encoding. That is, items are not stored isolated and as blueprints of a stimulus,
but rather the storage of an item is influenced by the specific combination of activated
information at the time of the encoding, and it is stored intertwined with these activated
features in long-term memory. Importantly, a stimulus does not have to be in the focus of
attention to be encoded (that is, even stimuli that a person is not consciously aware of can
result in changes in or creation of memory traces in long-term memory). However, in a
case where a stimulus is encoded while not being attended to, less features or other items
are activated compared to a case where the stimulus is encoded while being in the focus of
attention. That is, in the latter case encoding happens to be more fragmented (Cowan,

1999). Maintenance is considered to describe the process of keeping an item in the focus of
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attention. This act of staying attended to an item is governed by the central executive and is
related to the executive function updating that was described above. Maintenance or
updating can be achieved by different strategies (e.g. encoding, rehearsal, mental search...)
(Cowan, 1999). Retrieval describes the process of entering the correct item (that is, the
item that is needed/searched for in the respective situation) into the focus of attention.
There are different initial situations from which the item must be retrieved: If the item is
already activated, the process of retrieval should be easier. However, this advantage has a
time limit because the activation fades rather quickly. No such time limit is given if the
item must be retrieved from long-term memory (besides possible practical limits like a
time limit in a test). However, retrieval from long-term memory is only possible if the
memory trace is sufficiently strong (Cowan, 1999). The processes involved in the
encoding, maintenance and retrieval of an item are assumed to be relatively independent of
its modality, the same is true for the decay of memory representations over time (i.e., the
same principles apply for example for visual and verbal information) (Cowan, 1999).

In their New Theory of Disuse, Bjork and Bjork (1992) state several assumptions
concerning the relationship between storage and retrieval of items in long-term memory:
(1) The (current) retrieval strength of an item describes how accessible the item is at a
given moment. Retrieval strength is assumed to be independent from the (more stable)
storage strength, that describes the more general strength of the items memory trace (Bjork
& Bjork, 1992). Reconsidering the terms introduced above, retrieval strength should be
closely related to the level of activation of an item. (2) The storage strength of an item in
long-term memory (i.e., the strength of its memory trace) is not limited and once
established, the storage strength of an item cannot be lost again, as already stated within
the model of Cowan (1999). However, according to Bjork and Bjork (1992) the gain in
memory strength of an item is negatively correlated with both its storage and retrieval
strength at learning. That is, the higher the current retrieval strength is in a learning
situation, the easier it can be retrieved, but the memory trace or storage strength is not
enhanced much by this easy retrieval. The same is assumed for the relationship between
the current storage strength and the gain in storage strength: If an item already has a high
storage strength, another learning opportunity will increase the storage strength to a
smaller degree than when the item still has a low storage strength (Bjork & Bjork, 1992).
(3) The retrieval capacity of memory, contrary to storage strength, is limited, that is, only a
limited amount of information can be retrieved at a given moment (Bjork & Bjork, 1992).

This could at least partly be explained by the assumption stated above that the focus of
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attention constitutes a limited capacity. (4) Both rehearsal and retrieval of an item
strengthen its storage and retrieval strength, with retrieval having an even bigger effect
than rehearsal (Bjork & Bjork, 1992). (5) When attention is directed from one item to
another, the retrieval strength of the former item declines and it declines even faster, when
the retrieval strength was on a high level and the storage strength is low (Bjork & Bjork,
1992).

3. Changes to memory: Forgetting and learning

Above it was stated that the long-term memory per se does not have a limited
capacity and that the storage strength for an item, once established, cannot be lost again.
However, it happens regularly that items or information that were once known cannot be
retrieved, a phenomenon that can be labelled with the term forgetting (Tulving, 1974). The
process of forgetting is described by a negatively accelerated power function, that is,
shortly after the last retrieval, the probability of another successful retrieval drops faster
than when a lot of time has already passed (Anderson, 2013).

Ultimately, the goal of learning is to create a robust and strong trace for the item to
be learned, which should prevent or at least decelerate forgetting and increase the
probability that the respective information is available when retrieval is demanded for. The
idea that merely repeating an item over and over is sufficient to create a strong and
sustainable memory trace has been outdated for quite some time (Anderson, 2013; Craik &
Lockhart, 1972). In the following sections, several theories and hypotheses on first the
mechanisms involved in forgetting and second successful learning strategies to prevent or

at least minimize forgetting are described.
3.1 Forgetting

There are several theories attempting to describe why information is forgotten and
how the process of forgetting works (Lefrancois, 2015). Following the fading theory,
unused memory traces of stored items simply decay with time and finally vanish
completely, if too much time passes. This theory, however, is criticized because its
explanatory power is limited: “Time” itself will not cause the decay of memory traces and
nothing is said about the factors that come with time that will actually cause the memory
trace to decay (Lefrancois, 2015; McGeoch, 1932). Interference theories are more precise
in this regard. According to this branch of theoretical approaches, learning different items

or chunks of information in succession impedes the consolidation of each affected memory
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trace (Anderson, 2013; Lefrancois, 2015). With proactive interference it is assumed that
former learned information hinders the learning of subsequent items (Lefrancois, 2015;
Wixted, 2004). However, Wixted (2004) proposed, that retroactive interference is far more
relevant regarding realistic learning situations. With retroactive interference, it is assumed
that after learning an item, it takes some time — say, up to minutes — to consolidate or
strengthen the respective trace. While the trace is still in the process of consolidation,
learning other, independent items, may interfere (Lefrancois, 2015; Wixted, 2004). Thus,
engaging in cognitive processes while a memory trace is still being consolidated impairs
the trace. One explanation for interference effects may be the limited capacity of the focus
of attention that was proposed by Cowan (1999). That is, following items displace items
from the focus of attention that still were in the process of consolidation, potentially
resulting in weaker, more fragmented memory traces. However, it is assumed that there are
mechanisms that alleviate these interference effects — otherwise it would not be possible to
learn more than one item at a time (Anderson, 2013; Lefrancois, 2015). For example, it is
assumed that these interferences do not occur when there is a causal relationship between
the two learned items (Anderson, 2013). That is, especially content-wise independent
memory traces are prone to interference.

Altmann and Gray (2002) propose to consider decay of activation and interference
to be two connected processes that both affect forgetting. The authors assume that the
decay of activation actually is a functional process, in that it prevents or at least reduces the
threat of interference with newly learned information. The authors assume that the rate at
which the decay of activation progresses is adaptive, that is, items do not lose their level of
activation at a stable rate but rather in dependency on the rate at which new information is
acquired; the more new information is processed, the faster formerly activated parts of
memory fade from activation (Altmann & Gray, 2002). However, as stated above this
decrease in activation could also be the reason for retroactive interference in that it results

in weaker, less elaborate encoding.
3.2 Learning and remembering

Successful learning strategies on the one hand should help to create a sustainable
memory trace in long-term memory and on the other hand improve the ability to retrieve
the relevant information when demanded, by practicing retrieval skills (Bjork, 1994). In
their Levels of Processing framework, Craik and Lockhart (1972) propose that the strength

of a specific memory trace is substantially defined by the depth of processing that occurs
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during learning. Level or depth of processing here is defined as the “degree of semantic or
cognitive analysis” (Craik & Lockhart, 1972, p.675) that occurs within the learning
process. Several learning strategies use this mechanism by initiating deeper processing
than pure rehearsal of an item. One way to initiate deeper processing is elaboration. This
means that newly learned information should be enriched with self-generated or self-
chosen additional information. This can be achieved by thinking about examples or
consciously using information from the long-term memory to connect the newly learned
information to. These self-generated associations support a reliable trace in long-term
memory (Anderson, 2013; Lefrancois, 2015). A similar strategy is the organization of
learned information. This means, that newly learned information should be grouped and
structured, for example, by creating categories or defining concepts (Lefrancois, 2015).
The deliberate use of memory cues is another possibility to enhance learning. These cues
can be content related, but they can also concern the physical or emotional context
information from the learning situation. For example, if the retrieval of learned items
happens in the same environment or in the same emotional state as the learning itself, the
probability for a successful retrieval is higher than if the context of learning and retrieval
differ (Anderson, 2013). All the described learning strategies are encoding strategies, that
is, they change the way information is processed during learning. There are several
mechanisms suspected to explain why more elaborate encoding strategies promote

sustainable learning (see for example Atkinson & Shiffrin, 1968).
3.3 Desirable difficulties

A bunch of additional learning strategies were formally introduced by Bjork (1994)
as being effective by making the learning process itself more difficult. The idea of the
mechanism behind these learning strategies (introducing difficulties in learning to boost
long-term performance) was already mentioned in the description of Bjork and Bjork's
(1992) New Theory of Disuse. Here, it was stated that the gain in memory strength of an
item is negatively correlated with its current retrieval strength, that is, that a low retrieval
strength during learning leads to higher benefits on the memory trace (Bjork & Bjork,
1992). It is important to note that the positive effect of learning strategies relying on
desirable difficulties is generally expected to emerge especially regarding the intermediate-
and long-term performance, while performance during the learning may suffer from
desirable difficulties (Bjork, 1994). That is, especially when the activation of the learning

situation faded and the strength of the memory trace together with the retrieval skills are
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essential for successful retrieval, the learning strategies relying on desirable difficulties are
expected to show their highest effect.

What distinguishes the strategies that will be described shortly from the strategies
described above, is that they mostly not only influence the way items are encoded
(influencing the strength of the memory trace), but also promote practice of the retrieval
process itself. According to Bjork (1994), both these mechanisms are essential for
successful learning. The most prominent strategies relying on desirable difficulties are
introduced in the following: Interleaved practice means that related but different concepts,
for example in mathematics, are learned alternately instead of consecutively (Rohrer, 2012;
Rohrer & Taylor, 2007). The generation effect describes the phenomenon that if the
information to be learned is self-generated, the intermediate and long-term retention is
usually higher than when the same information is consumed rather “passively” as with
simple rehearsal of a given item (Bertsch, Pesta, Wiscott, & McDaniel, 2007). Learning
with tests means that tests are not only utilized to capture the current performance but also
to learn and memorize information (Roediger III & Butler, 2011). Finally, spaced learning
or distributed practice means that a given learning duration is spread across several
learning sessions that are spaced apart in time, instead of learning the same total time in
one session (Carpenter, Cepeda, Rohrer, Kang, & Pashler, 2012).

Hitherto many empirical studies have proven learning strategies that rely on
desirable difficulties to be an effective tool for long-term learning performance. The focus
of the following sections will be the question under which circumstances the strategy of

distributed practice proves a useful strategy.
4. Distributed practice

Although Bjork (1994) was one of the first to introduce desirable difficulties as the
common feature of many successful learning strategies, research on distributed practice
specifically dates back more than a century (e.g. Ebbinghaus, 1913). As already described,
with spaced or distributed practice a given learning duration is distributed over more than
one session, with shorter or longer interruptions in between the sessions, while with
massed practice the same total time is spent learning straight, without interruption. Often,
massed practice results in superior practice and short-term performance compared to
spaced or distributed practice. However, with a longer temporal lag between learning and
test time, the positive effect of spaced practice as compared to massed practice emerges

(Bjork, 1994; Dempster, 1989). In most studies on spaced and distributed practice,
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subsequent learning sessions are used to repeat the material to be learned (Toppino &
Gerbier, 2014). A slightly different branch of research pursues the question whether input
of new material should be distributed (e.g., Budé, Imbos, Wiel, & Berger, 2010; Collins,
Halter, Lightbown, & Spada, 1999; Rohrer, 2015). However, this is usually not meant with
the term spaced or distributed practice. That is, the effect of distributed practice is usually
investigated regarding the question of how repetitions of the material to be learned should
be scheduled.

According to Cepeda, Pashler, Vul, Wixted and Rohrer (2006) I will refer to the lag
between separated learning occasions as inferstudy interval and the lag between the last
learning opportunity and the test as retention interval. If there are more than two learning
sessions in distributed practice, different options to schedule the learning sessions exist:
All interstudy intervals can be of equal length (equal schedule), the interstudy intervals can
increase over time (expanding schedule) or they can decrease over time (contracting
schedule) (Kiipper-Tetzel, 2014). Research on the question of which schedule is superior is
still sparse, but empirical findings indicate that the optimal schedule could depend on the
lag length itself (e.g., seconds or days between sessions), if there was feedback involved or
not, test specifics (e.g., cued or free recall), the retention interval and even the learning
material (Kiipper-Tetzel, Erdfelder, & Dickhiduser, 2014). If there is any effect of the
interstudy interval-schedule, there tends to be an advantage for expanding schedules,
especially when longer retention intervals are involved (Cepeda et al., 2006; Gerbier &
Koenig, 2012; Gerbier, Toppino, & Koenig, 2014; Kiipper-Tetzel et al., 2014). However,
there is reason to believe that the schedule does not crucially influence the effect of
distributed practice at all (Balota, Duchek, & Logan, 2007; Roediger III & Karpicke,
2011).

The vast majority of studies on spaced and distributed practice involve the learning
of verbal material (Cepeda et al., 2006). In a typical experiment, participants are presented
word pairs that are learned either in a massed or spaced fashion (e.g., Son, 2010).
Performance is tested after a broad range of retention intervals, varying from seconds to
even years. However, most studies implement retention intervals of less than a day
(Cepeda et al., 2006). Although the majority of studies is on simple verbal material,
positive spacing effects have been found with a great variety of learning material and are
investigated for example in advertising (Appleton-Knapp, Bjork, & Wickens, 2005),
grammar learning (Bird, 2010; Miles, 2014), surgical training or other motor skills (Lee &
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Genovese, 1988; Moulton et al., 2006) and learning of science and mathematics (Grote,

1995; Rohrer & Taylor, 2006).
4.1 The lag effect in distributed practice

Within spaced or distributed practice, the effect of different interstudy intervals on
the performance after a fixed retention interval is labelled with the term lag effect.
Research on the lag effect led to the conclusion that given a fixed retention interval, the
positive effect of spaced learning first shows a steep increase with an increasing interstudy
interval before it reaches a maximum, indicating the optimal lag. Extending the interstudy
interval beyond this optimal lag reduces the positive effect of distributed practice, but
slower than it increased before the optimal lag (i.e., a little too long lag is better than a lag
a little too short). That is, for a given retention interval the effect of the length of the
interstudy interval follows an inverted and non-symmetrical u-shape, with both too short
and too long lags decreasing the positive spacing effect (Cepeda et al., 2009; Cepeda, Vul,
Rohrer, Wixted, & Pashler, 2008; Toppino & Gerbier, 2014). Additionally, it is assumed
that the optimal interstudy interval depends on the retention interval, with longer retention
intervals requiring longer interstudy intervals (Cepeda et al., 2008; Kiipper-Tetzel, 2014).
However, this relationship is presumably not linear. More precisely, comparing six
different interstudy intervals for four different retention intervals, Cepeda et al. (2008)
came to the conclusion that the ratio of interstudy interval and retention interval should
decrease the longer the retention interval is. For example, based on their experiment the
authors assume an optimal interstudy interval of about 1 day when the retention interval is
7 days (ratio of 0.14) and an optimal interstudy interval of about 21 days when the
retention interval is 350 days (ratio of 0.06) (Cepeda et al., 2008).

It should be noted that the terminology concerning the effect of distributed versus
massed practice sessions is not consistent. While the lag effect always refers to the
comparison of different interstudy intervals within spaced or distributed practice, some
authors use the term spacing effect in case of very short interstudy intervals and “massed
practice-distributed practice” when longer lags are involved (Toppino & Gerbier, 2014).
Other authors use the term spacing as opposed to massing and the term distributed practice
as general term for both spacing and lag effects (Cepeda et al., 2006; Kiipper-Tetzel,
2014). In the following, the term distributed practice will be used when the total learning
time is distributed over more than one session and the term massed practice will be used,

when the total learning time is spent learning without interruption.
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4.2 Theoretical accounts for the distributed practice effect

In contrast to the tremendous amount of empirical support for a positive effect of
distributed practice compared to massed practice on long-term performance, the theoretical
foundation for the effect is surprisingly vague (Kiipper-Tetzel, 2014). Nevertheless, there
are mainly three approaches to explain the distributed practice effect, which are described
in the following section.

The engagement with an item leads to its (more or less deep) cognitive processing
which then strengthens the respective memory trace — these mechanisms already were
described in the sections on memory and learning. Based on deficient processing theories,
however, to engage with an item in a massed fashion leads to a shallow processing during
the repetitions because the learner is not able or not willing to process the same item twice
in succession (Crowder, 1976; Hintzman, 1974; Toppino & Gerbier, 2014). Thus, if an
item is learned repeatedly at a time, the respective memory trace experiences less gains
than if the same item is learned as often, but at different times. With an increasing lag
between the learning situation and the repetition, as in distributed practice, the repeated
processing of the item increases in depth and the memory trace is increasingly
strengthened by the additional learning. In massed practice, on the other hand, only the
first engagement with the item uses the most effective processing, while the following
repetitions suffer from deficient processing and do not maximally strengthen the memory
trace (Craik & Lockhart, 1972; Hintzman, 1974; Toppino & Gerbier, 2014).

When a chunk of information or item is studied for the second time, ideally, the
memory trace that was initiated the first time the specific item was studied is retrieved (that
is, either consciously or unconsciously re-entered into the focus of attention) and
strengthened. However, if the item is not recognized, the item is encoded independently
from the original trace, resulting in a new (second) memory trace. One important
assumption in the frame of study phase retrieval theories is that the more time has passed
since the last activation of an item, the harder it is to retrieve it from memory, which means
that the probability for independent memory traces for identical items increases. However,
as stated for example within the context of the New Theory of Disuse (Bjork & Bjork,
1992), a harder (successful) retrieval attempt is associated with a bigger gain in memory
trace strength. The basic idea of study phase retrieval theories combines these ideas with
respect to distributed practice: The more time has passed between learning sessions, the

harder the retrieval attempts become, while also boosting their effect on the memory trace

11
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strength — as long as the retrieval succeeds (Bjork, 1975; Kiipper-Tetzel, 2014; Thios &
D’Agostino, 1976). Thios and D’ Agostino (1976) propose different explanations for the
fact that a harder (successful) retrieval should improve long-term retention more than an
easy retrieval. First, it could be that the harder retrieval provokes deeper processing
because more cognitive resources have to be engaged in the retrieval attempt. Deeper
processing, as already mentioned several times, then leads to stronger memory traces
(Craik & Lockhart, 1972). A second explanation by Thios and D’Agostino (1976) is that
the harder retrieval is better training for the later test situation, where retrieval without help
is usually hard as well. That is, in closely representing the test situation, the harder
retrieval in distributed practice is a better preparation for the actual test than the easier
retrieval in massed practice. According to both explanations massed practice should favor
good performance in the learning situation but prevent optimal performance on later
occasions — either, because processing was not deep enough and/or because the learner is
not sufficiently prepared for the (difficult) retrieval at the test (Kiipper-Tetzel, 2014;
Toppino & Gerbier, 2014).

For the explanation of the effect of distributed practice via encoding variability
theories, the most important feature of the long-term memory is the abovementioned
network-like structure, where items are never stored isolated but encoded with information
that was activated during the processing of the learned material (Cowan, 1999; Lefrancois,
2015). Information that is closely related to the searched item, then, can work as cues in
later retrieval situations in that the activation of related material also increases the
activation level of the target information, which should facilitate retrieval (Crowder, 1976;
Glenberg, 1979; Toppino & Gerbier, 2014). The crucial proposition of encoding-
variability-approaches to the explanation of the distributed practice effect, is that with an
increasing lag between two repetitions of an item, the variability of encodings of the item
increases, resulting in a greater number of retrieval cues, which in turn should increase the
probability of successful retrieval in a later test (Crowder, 1976; Glenberg, 1979). Put in
other words, it is assumed that with massed practice more or less the same features of
memory are activated throughout the complete learning process, resulting in similar
encodings each time the item is repeated and a more or less constant amount of retrieval
cues. With distributed practice, on the other hand, because of the temporal lag since the last
encoding, different features of memory are activated each time the item is repeated which

in turn results in a greater variability of available retrieval cues and facilitated retrieval.
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Unfortunately, all three theoretical approaches to explain the positive effect of
distributed practice have seldom been tested directly (Kiipper-Tetzel, 2014) and though at
first glance they all seem capable to explain the effect, it became evident that none of the
theories alone can account for all the specific features of the distributed practice effect.
Hence, in recent theoretical publications on the distributed practice effect, different
approaches are combined, generally study phase retrieval and encoding variability
accounts (Kiipper-Tetzel, 2014; Toppino & Gerbier, 2014; Verkoeijen, Rikers, & Schmidt,
2004; Young & Bellezza, 1982). In the following section, the approach proposed by
Delaney, Verkoeijen and Spirgel (2010) will be described in greater detail.

For their combination of study phase retrieval and encoding variability accounts,
Delaney et al. (2010) seize up on an approach by Malmberg and Shiffrin (2005). Malmberg
and Shiffrin (2005) proposed that when an item is studied, a fixed amount of context
information is stored for that item within the first one or two seconds of processing and
after that, the context information is not enriched any more. That is, only “one-shot” of
available context information is stored in each learning situation, regardless of the study
duration. According to the authors, information on the item content (i.e., the items storage
strength), however, continues to be strengthened with study duration. Context information,
here, is similar to the memory cues described above and can refer to the emotional or
physical state of the learner in the learning situation, physical surroundings and similar
features. The authors suppose that in most study situations, context information is not in
the focus of attention, though it should be activated to be transferred to long-term memory.
By contrast with context information, the item content information itself should be in the
focus of attention in the study situation (Malmberg & Shiffrin, 2005).

Delaney et al. (2010) extended this idea by adding another layer of information.
They proposed that similar to context information, associative information, that is,
associations between related items, is established right when the studied item enters the
focus of attention and afterwards, a longer study duration does not result in more or
stronger associations for the studied item (Delaney et al., 2010). In sum, while for context
and associative information one-shot per study occasion is assumed, only the item content
itself is strengthened with an increasing learning duration. This “one-shot hypothesis”
concerning context and associative information implicates that with a fixed learning
duration, massed and distributed practice equally strengthen the item content information
or storage strength (Delaney et al., 2010; Malmberg & Shiffrin, 2005). However, with

massed practice there is only “one shot” of context as well as associative information while
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with distributed practice, with each additional learning occasion context and associative
information is strengthened (Delaney et al., 2010; Malmberg & Shiffrin, 2005).
Furthermore, Delaney et al. (2010) assume, that with an increasing lag between two
repetitions of an item, the additional strength in context and associative information that is
achieved by the repetition increases. This assumption is similar to the one of Bjork and
Bjork (1992) that was described above, in that with a decreasing retrieval strength a
higher increase in context and associative information is achieved. As common for study
phase retrieval accounts, this only applies when retrieval in subsequent learning situations
is successful. If not, a new memory trace is initiated and the original trace and its cues are
not strengthened or improved (Delaney et al., 2010).

Finally, Delaney et al. (2010) assume that the lag effect in distributed practice
depends on the type of test that is applied. More precisely, they state that in free recall,
distributed practice compared to massed practice especially strengthens the link between
context and item content information, as there are no cues involved that could boost
associative information (Delaney et al., 2010). However, with long retention intervals, the
probability increases that study and test contexts differ substantially. In this situation, the
richer connection between context and item content information should be of little
advantage and the effect of distributed practice is supposed to be small (Delaney et al.,
2010). That is, regarding free recall the authors expect a decreasing effect of distributed
practice with an increasing retention interval. In cued recall, in contrast, distributed
practice compared to massed practice especially strengthens the association between the
studied item and its cue. As this cue is presented again at the test, the positive effect of
distributed practice should be particularly pronounced after long retention intervals
(Delaney et al., 2010). To sum it up, Delaney et al. (2010) assume that in free recall tasks,
distributed practice compared to massed practice especially strengthens memory features
that present an advantage for shorter retention intervals (context information) while in cued
recall tasks, distributed practice compared to massed practice is assumed to especially
strengthen memory features that present an advantage for longer retention intervals

(associations between item and cue).
4.3 Distributed practice in the classroom

Given the reliable results regarding a positive effect of distributed practice it is
hardly surprising that there is a growing interest in the question of whether the effect can

be transferred to real classroom settings (Seabrook, Brown, & Solity, 2005). It could be
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shown that distributed practice can be implemented to improve vocabulary learning of fifth
and sixth graders (Kiipper-Tetzel et al., 2014; Sobel, Cepeda, & Kapler, 2011) and reading
ability of first graders (Seabrook et al., 2005). Distributed practice can also improve more
complex skills like grammar editing skills of undergraduate college students (Miles, 2014).
In another study with college students, Kapler, Weston and Wiseheart (2015) could show
that an online review seven days after a science lecture improved performance five weeks
after the review compared to a review only one day after the lecture. Though no real
massed condition was included in this study, it is an example for a possibility to utilize
distributed practice in authentic learning settings. Similar to this study, many of the studies
investigating the effect of distributed practice in the classroom do not use a pure massed
practice vs. distributed practice condition. Often, there is no real massed practice as control
condition (e.g., Goossens et al., 2016), distributed practice is combined with other learning
strategies like interleaved practice (e.g., Hopkins, Lyle, Hieb, & Ralston, 2015), or the
retention interval is confounded with condition (e.g., Chen, Castro-Alonso, Paas, &
Sweller, 2017; Grote, 1995). Nonetheless, the empirical foundation for the effect of
distributed practice hitherto suggests that it is a strategy that can be used in real-world

learning environments, too.
4.4 Moderators of the distributed practice effect

Features of the study material and learner characteristics that may influence the
magnitude of the distributed practice effect have rarely been studied systematically. Hence,
empirical findings on potential moderators of the effect are sparse. However, one important
factor may be task complexity. In their meta-analysis, Donovan and Radosevich (1999)
come to the conclusion that the magnitude of the positive effect of distributed practice
decreases with task complexity. Some studies compared the effect of distributed practice
among different age groups, resulting in inconsistent results: Studies by Maddox, Balota,
Coane, and Duchek (2011) and Simone, Bell, and Cepeda (2013) found that the positive
effect of distributed practice is smaller for older adults compared to the effect for younger
adults. Investigating the effect of distributed practice among children and adolescents,
however, Seabrook, Brown and Solity (2005) found no difference of the effect between
different age groups. This could mean that the effect of age on the distributed practice
effect only occurs in older adults while in younger age ranges no interaction of age and
practice condition exists. Working memory capacity has also been investigated by

Seabrook et al. (2005) as potential moderator for the distributed practice effect. However,
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the authors found no indication that the magnitude of the distributed practice effect
depends on working memory capacity. A recent study by Delaney, Godbole, Holden and
Chang (2018) led to the same conclusion. Another investigated moderator is the general
performance level or domain specific ability of the learner. This has mainly been
investigated regarding a mix of interleaved and distributed practice and not regarding
distributed practice alone. However, the empirical findings from this mixed review
approach can serve as a first indicator for differential effects regarding distributed practice
by itself. Studies with ninth graders (Saxon, 1982) and college students (Hirsch, Kapoor, &
Laing, 1982) on the effect of interleaved and distributed practice in mathematics led to the
conclusion that students with lower mathematical performance benefit more from
interleaved and distributed practice than students with higher mathematical performance.
In contrast, Rea and Modigliani (1985) found no effect of mathematical ability on the
positive effect of distributed practice in a multiplication task. However, the participants in
this study learned multiplication facts by heart, potentially reducing the importance of
mathematical ability. That is, in this study mathematical ability may not have been a proper

indicator for the domain specific ability.
5. Distributed practice in mathematical learning

The material that is usually considered in studies on distributed practice can be
described as rather unidimensional: Words or word-pairs have to be learned by heart
through repetitions and the different item chunks that have to be learned are — content-wise
—more or less incoherent. That is, typically only rote memory of isolated items is targeted.
Regarding mathematics, however, repetitions are often used to practice a learned concept,
but learning by heart is one component at most. That is, when a new concept or procedure
is learned, exercises can help to practice the new topic or procedure, yet normally students
do not practice with identical exercises but rather with conceptually similar but slightly
varying tasks (e.g., to practice mental multiplication of two-digit numbers, students do not
repeatedly solve 17 « 23, 17 « 23, 17 » 23; instead they would practice with different tasks
like 17 « 23, 28 13, 27 » 23). In the following sections several important concepts
regarding mathematical knowledge and practice are introduced, before research on the
effect of distributed practice in mathematical learning is reviewed in greater detail.

Depending on the specific topic, two different types of mathematical knowledge
can be distinguished: Following a slightly adjusted version of a definition proposed by

Baroody, Feil and Johnson (2007), conceptual knowledge can be defined as “knowledge
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about facts, generalizations, and principles” (Rittle-Johnson & Schneider, 2015, p. 1119).
On the other hand, procedures are defined as “series of steps, or actions, done to
accomplish a goal” (Rittle-Johnson, Schneider, & Star, 2015, p. 2), and “the ability to
execute action sequences (i.e. procedures) to solve problems” can be labelled procedural
knowledge (Rittle-Johnson & Schneider, 2015, p. 1120). Generally, both conceptual and
procedural knowledge do not have to be richly connected in long-term memory, but
expertise is often characterized by richly connected and highly organized knowledge
(Baroody et al., 2007, Rittle-Johnson & Schneider, 2015). That is, both conceptual and
procedural knowledge can range from highly isolated to richly connected in long-term
memory and expertise is often characterized by both richly connected conceptual and
procedural knowledge. It is assumed that conceptual and procedural knowledge in
mathematics develop iteratively and that gains in one of the two knowledge types also
strengthens the other (Rittle-Johnson & Schneider, 2015).

Another important dimension regarding the learning of mathematics is the
distinction between syntactical and semantical knowledge. Within mathematic didactics,
learning on a syntactical level refers the ability to apply rules, for example in order to solve
equation systems, whereas learning on a semantical level refers to the ability to recognize
the connection between a mathematical symbol or representation and the aspect of reality it
constitutes (e.g., understanding what a particular variable stands for) (Tietze, 1988).
Syntactical knowledge can be roughly equated with rather isolated procedural knowledge.
Semantical learning, on the other hand, implies a deeper understanding of the respective
matter and assumes at least some degree of connected knowledge (conceptual and/or
procedural, depending on the specific content).

Because the term procedural knowledge comprises syntactical knowledge, in the
following the terms conceptual and procedural knowledge will be used to describe the
knowledge type and the degree of semantical understanding involved in the tasks will be
used to describe the complexity of the material. The dimensions knowledge type and
complexity do not apply to material typically used in studies on distributed practice
because they concern forms of learning that exceed memorization of isolated items.
However, by now positive effects of distributed practice have been shown with
mathematical material as well. The respective studies will be reviewed in the following,
taking the dimensions knowledge type (i.e., is conceptual and/or procedural knowledge
required) and complexity (i.e., the degree of semantical understanding that is targeted) into

account. The focus will be on studies that specifically investigated the effect of distributed
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practice, excluding studies that used a combination of distributed and interleaved practice

(often labelled mixed or cumulative review).
5.1 Research on distributed practice of mathematical material

In two early experiments, Gay (1973) investigated the effect of the temporal
position of reviews on the ability to apply four different mathematical rules from algebra
and geometry. Examples for the concepts that were taught are determining the exponent of
a product (a * a? » a*> = 7) and how the measure of the third angle of a triangle is determined
(Angle A =70, Angle B =50, Angle C = ?). The rules were explained verbally and through
examples and students worked similar but not identical examples to learn the material. In
Experiment 1, 53 eighth graders received an initial learning session and participated in a
review session either one day, one week or two weeks after the learning session. In the
review sessions the students had the opportunity to practice the different rules again. A
fourth group received no review at all. A delayed retention test was conducted three weeks
after the initial learning session. That is, the interval between the last review session and
the test (i.e., the retention interval) was not the same for the four experimental conditions,
but the interval between the first learning and the test was. The analysis of the performance
in the delayed retention test confirmed that all three groups that received a review session
performed significantly better than the group without review. However, no significant
difference between the three review groups was found, implying that the specific temporal
position of the review did not have an effect on the ability to perform the mathematical
rules (Gay, 1973). The author conducted a second experiment with 67 seventh graders with
material very similar to the material from Experiment 1. Different from the first
experiment, however, the participants received not one but two reviews (or no review).
That is, after the initial learning session, the material was reviewed either one and two days
later, one and seven days later, or six and seven days later. Again, a fourth group did not
receive any review at all and the test was conducted three weeks after the initial learning.
Similar to Experiment 1, all three groups who reviewed the learned material performed
significantly better at the retention test than the group without review. Concerning the
difference between the different review schedules, only the difference between the group
with an early and a late review (one and seven days after learning) and the group with two
early reviews (one and two days after learning) turned out to be significant, with the one
and seven days-group performing significantly better than the one and two days-group

(Gay, 1973). In sum, the experiments conducted by Gay (1973) confirmed that reviewing

18



CHAPTER I: Introduction and aims

learned material improves performance up to three weeks after the learning session.
Further conclusions should be drawn cautiously, because the study imposes several
limitations: First, as stated above, the retention interval was confounded with condition,
because the interval between the last review and the test depended on the review schedule.
Second, there was no massed condition, because all review groups had interstudy intervals
of at least one day. That is, the focus of the experiments lied on the lag effect instead of the
effect of distributed (as compared to massed) practice. Third, the group sizes were rather
small (between twelve and 18 students per group). Considering the dimensions introduced
above, the material targeted rather isolated procedural knowledge, because the students had
to learn rules more or less by heart and applied them, independent from a deeper
understanding — though students who were able to recognize relationships to conceptual
knowledge from long-term memory and hence reach a higher level of semantical
understanding may have definitely profited from their insight. That is, it would have been
sufficient to know that the exponents can be added to obtain the exponent of the product in
the example “a » a? » a*> = 77, but students who understood why the exponents can be added
may have had an advantage. However, it should be noted that this hypothesis has not been
tested in the experiments.

In a study conducted by Rea and Modigliani (1985), 44 third graders learned
multiplication facts either massed or distributed. The students had to learn five different
multiplication facts, for example 8 ¢« 5 = 40. In order to learn the five facts, the students
were repeatedly presented (8 ¢ 5 = 40) and tested (8 « 5 = ?) with the same fact (Rea &
Modigliani, 1985). In the massed practice condition, presentations and tests of the same
fact occurred consecutively without interruption. In the distributed practice condition,
presentations and tests were interrupted with distractors. After a retention interval of one
minute, all five multiplication facts were tested. Comparisons of the final performance
revealed a significantly better performance in the distributed practice condition compared
to the massed practice condition. Importantly, the distractors were similar to the learned
material because they were also multiplication tasks (e.g. 2 « 2 = ?), which could have
resulted in an additional effect of interleaved practice. In contrast to the study by Gay
(1973), the material used in this study hardly targeted procedural knowledge, because the
students had to learn the facts by heart. Using the dimensions introduced above, this kind
of mathematical knowledge could be categorized as highly isolated conceptual knowledge
(knowledge about facts which is only loosely connected to other knowledge in the long-

term memory), requiring low semantical understanding, because the students are not

19



CHAPTER I: Introduction and aims

explicitly taught how to solve the equations. In fact, this study is more similar to typical
studies on distributed practice with verbal material (learning word pairs by heart is quiet
similar to learning an equation by heart, neither requires any level of understanding or
procedural practice).

Rickard, Lau and Pashler (2008) investigated the effect of distributed practice with
similar material in that the participants had to practice mental multiplication by repeatedly
solving the same problems. The participants learned 15 different multiplication problems,
each consisting of the multiplication of one two-digit and one one-digit number, and the
authors varied the degree of distribution by varying the set size, that is, in larger sets more
intervening tasks had to be solved before the same task was repeated. There was no pure
massed condition as the authors ensured that the same problem was never presented in
succession. The test was conducted one week after the learning session (Rickard et al.,
2008). Different from most other studies on distributed practice, the dependent variable
was not performance in terms of correctly solved problems, but rather in terms of the
reaction time the participants needed to solve the problem in the test. It was revealed that
problems that were practiced in larger sets (high distribution due to more intervening
problems) required significantly lower reaction times at the test than problems that were
practiced in smaller sets (low distribution due to less intervening problems) (Rickard et al.,
2008). In an additional experiment the authors investigated if the lower reaction times at
the test in the high distributed practice group could be attributed to a higher use of direct
retrieval of the correct solution, which would indicate that the participants had learned the
results by heart. The authors argue, that the participants relied on different strategies during
the learning session, depending on the set size: For problems in the small sets (low
distribution), participants quickly started to retrieve the correct solution directly from the
activated memory, instead of calculating the solution each time the problem was presented
again in the learning session. For problems in the large sets (high distribution), the high
number of intervening problems may have prevented this process for most of the items.
However, problems for which the participants started to retrieve the solution directly from
activated memory despite the larger number of intervening items in the high distribution
condition, a strong and reliable long-term memory trace was created for the specific task
and its solution, which facilitated quick retrieval in the test (Rickard et al., 2008). In their
second experiment the authors confirmed that in the test, for problems in larger sets
retrieval was used significantly more often than for problems in the smaller sets (Rickard et

al., 2008). Taken together, the results of Rickard et al. (2008) imply that the higher degree
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of distribution particularly improved retrieval performance through stronger long-term
memory traces rather than arithmetic ability. That is, not procedural knowledge was
improved, but mainly rote memory performance. Compared to the study conducted by Rea
and Modigliani (1985), the degree of procedural knowledge required in this study
nevertheless was a little higher, because each time the participants were presented with a
multiplication problem, they were prompted to solve it instead of simply being shown a
problem and its solution. Additionally, the participants were explicitly told how to solve
the problems (multiplying the one-digit number with the tens place and the ones place
separately and then adding the two results). That is, in the study by Rickard et al. (2008), a
higher degree of procedural knowledge was required, though the participants still
repeatedly were confronted with the same problems that ultimately could be (and, based on
the second experiment, actually were) learned by heart.

More complex tasks were used in two studies conducted by Rohrer and Taylor
(2006, 2007). In the first experiment, 116 college students learned a formula to solve
permutation problems (i.e., to calculate the number of unique orderings of a given
sequence like aabccec) and solved a total of ten problems to practice the procedure. In the
massed practice condition, all ten problems were worked in one session, while in the
distributed practice condition, students had two practice sessions with five problems each
and an interstudy interval of one week. Performance was tested one week or four weeks
after the last practice session occurred. For the one-week test, no significant difference was
found between massed and distributed practicing students. However, four weeks after the
last practice session, distributed practicing students performed significantly better than
massed practicing students (Rohrer & Taylor, 2006). In a second, very similar experiment,
a significant advantage for distributed practice compared to massed practice was found
even one week after the last practice session (Rohrer & Taylor, 2007). Here, the students
again learned how to solve permutation problems either distributed (two practice sessions a
two problems and two examples, interstudy interval one week) or massed (one practice
session a four problems and four examples) or lightly massed (one practice session a two
problems and two examples). Interestingly, there was no significant test performance
difference between the two massed practice conditions, indicating that the number of
practice tasks is less important than the timing of the practice sessions (Rohrer & Taylor,
2007). The material used by Rohrer and Taylor (2006, 2007) targets procedural knowledge
(being able to correctly apply a formula in order to solve a problem) as well as isolated

conceptual knowledge (knowing the correct formula). Semantical understanding was not
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targeted, because for one thing, it was not explained to the participants why the formula
worked and for another thing, the mathematical proof is rather complex, which makes it
unlikely that participants could recognize it by themselves.

In a relatively recent study that was already mentioned above, Schutte et al. (2015)
investigated the effect of distributed practice on math fact fluency regarding basic addition
problems. The study was conducted in school with 53 third graders who practiced addition
with sums up to 18 for 19 school days either massed (four minutes each day), distributed
(two minutes twice each day) or distributed (one minute four times each day). The final
performance was tested at the end of the 19 days of practice (posttest) and again ten days
after the last practice day (maintenance test). Performance was measured as correct digits
per minute, that is, the dependent variable reflects not only addition accuracy but also
addition speed. No significant difference was revealed for the posttest- and maintenance
performance of the students of the two distributed practice conditions, but students of both
distributed practice conditions performed significantly better than students of the massed
practice condition (Schutte et al., 2015). It should be noted that similar to most of the
presented studies there was no real massed practice condition, because students of all
conditions practiced each day for 19 school days. The results are promising nonetheless
because practicing non-identical addition problems actually targets procedural knowledge
in that the correct solutions could not be learned by heart and performance could not be
attributed to rote memory. However, the level of semantic understanding required for the
addition tasks can be considered relatively low.

The last study on distributed practice with mathematical material is a classroom
study conducted by Chen et al. (2017). In their first experiment, 54 fourth graders learned
how to add positive fractions with different denominators by means of worked examples
and exercises that had to be worked individually. In the massed practice condition, three
worked examples, each followed by an exercise that had to be solved individually, were
worked consecutively in one session. After the completion of a working memory test, the
posttest was conducted. In the distributed practice condition, on the other hand, only one
worked example and one individually worked exercise was presented at a day, three days
in a row. On the fourth day, again following a working memory test, the posttest was
conducted (Chen et al., 2017). That is, the retention interval differed between the
conditions by one day, because massed practicing students were tested the day of practice
and distributed practicing students were tested the day after the last practice session.

Comparing the performance in the posttest task, students of the distributed practice
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condition performed significantly better than students of the massed practice condition. In
a second experiment, 61 fifth graders learned two topics, one with distributed practice and
one with massed practice. The topics were calculation with negative numbers and solving
fractional equations. The procedure was similar to the first experiment, that is, three
worked examples, each followed by an individually worked exercise, were presented either
massed on one day or distributed over three days. As in Experiment 1, the retention
interval for the distributed practice condition was one day while for the massed practice
condition performance was tested the day of the learning session. Again, practicing in a
distributed fashion resulted in significantly higher posttest performance scores than
practicing in a massed fashion (Chen et al., 2017). In comparison to the other studies
reviewed in the present section, the material used by Chen et al. (2017) is among the ones
with the highest complexity. The exercises required procedural knowledge and
additionally, both solid conceptual knowledge and semantical understanding could
improve the understanding of the matter and with that the final performance. For example,
the fourth graders could simply follow the instructions on how to solve addition problems
of fractions with different denominators even without really understanding them (relying
only on rather isolated procedural knowledge), but recognizing basic principles of fractions
or maybe even relating the material to real-world problems (i.e., including conceptual
knowledge by connecting the newly learned procedure to knowledge from long-term
memory and thereby increasing semantical understanding) could have potentially

improved the performance of the students.
5.2 Distributed practice in mathematical learning — conclusion

To sum up, although there are several studies investigating distributed practice with
mathematical material, they differ in important aspects, which makes a systematic and
clear conclusion difficult. Most importantly, many of the reviewed studies did not include
a real massed condition but rather compared different degrees of distribution (Gay, 1973;
Rickard et al., 2008; Schutte et al., 2015), which basically means they investigated the lag
effect instead of the effect of distributed practice. Another common problem was that in
several experiments different retention intervals where imposed for different conditions
(Chen et al., 2017; Gay, 1973), resulting in a confounding of practice condition and
retention interval. Finally, though all studies were on learning of mathematical material,
the actual complexity differed severely. While the exercises used in some studies basically

required rote memory of isolated mathematical facts and hence were very close to classical
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studies on distributed practice (Rea & Modigliani, 1985; Rickard et al., 2008), others
required procedural knowledge (Chen et al., 2017; Gay, 1973; Rohrer & Taylor, 2006,
2007; Schutte et al., 2015). However, even regarding these studies it still could be
questioned if the level of conceptual knowledge and semantical understanding that may
have improved the performance was comparable (e.g., regarding simple multiplication
facts semantical understanding may have less of an impact than regarding fractional
equations). Astonishingly, despite all these differences in nearly all presented experiments
distributing mathematical practice resulted in superior performance compared to massed
practice, indicating that distributed practice is a promising strategy for different forms of
mathematical practice, too. However, in order to draw more reliable conclusions
concerning distributed practice in mathematical learning, more studies including massed
practice conditions and with comparable retention intervals would be desirable.
Additionally, using more complex material could help to pin down if distributed practice
only improves the memory aspect of mathematical practice (i.e., memory of isolated
conceptual knowledge like a specific equation and its solution or a correct formula) as
indicated by the results of Rickard et al. (2008), or if procedural knowledge (i.e., the ability
to perform a specific procedure) and even semantical understanding (i.e., understanding

why the procedure is correct/works) benefit as well.
6. Summary and research questions

The previous sections served as an introduction to basic memory models and
theoretical approaches to learning and forgetting. One important feature of successful
learning strategies is that they enhance processing during learning, resulting in stronger,
more reliable and richly connected memory traces. The other important feature is practice
of the retrieval process that is required during test situations, when information must be re-
entered into the focus of attention, either from activated or from non-activated long-term
memory (Bjork, 1994). One learning strategy that serves both these purposes, that is,
enhanced processing and practice of retrieval, is distributed practice — which is addressed
in this dissertation.

In various empirical studies, distributed practice has been proven to improve
retention of verbal material compared to massed practice, at least intermediate and long-
term (Carpenter et al., 2012; Cepeda et al., 2006), yet it has seldom been investigated using
mathematical material. However, mathematical practice differs from rote memory learning

of verbal material in significant aspects: Most importantly, mathematical practice is usually
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applied to improve procedural knowledge (Rittle-Johnson & Schneider, 2015) — not by
learning a fact by rote but by practicing a given procedure with similar, but varying
exercises. Additionally, mathematical topics are often more complex than verbal material
because they are not learned as isolated facts (like random word pairs — a regular content of
studies on distributed practice), but can be connected to conceptual and procedural
knowledge stored in long-term memory and thereby understood either superficially or on a
deeper level (Tietze, 1988). Considering the theoretical model proposed by Delaney et al.
(2010), it can be assumed that distributed practice compared to massed practice improves
mathematical performance as well, because besides the positive effect on retention, the
increase in associations (connections to other knowledge in long-term memory) that is
associated with distributed practice in particular, could also have the potential to increase
semantical understanding. To sum it up, learning mathematics by practice differs
considerably from rote memory learning, which means that based on studies with verbal
material alone, the positive effect of distributed practice cannot automatically be expected
to emerge in mathematics, too. Although, a positive effect of distributed practice compared
to massed practice on mathematical performance is likely, this should be verified
empirically.

While there are a few studies on distributed practice with mathematical material, it
became evident that they differ concerning several aspects. Apart from design issues (e.g.,
the confounding of practice condition and retention interval, Chen et al., 2017), a crucial
aspect were the different levels of complexity. Some studies were basically identical to
classical studies on distributed practice (e.g., instead of word pairs, multiplication facts
were learned by heart, Rea & Modigliani, 1985), and only few used more complex
material, and had the participants actually practice with non-identical exercises (e.g.,
Rohrer & Taylor, 2006, 2007). Based on the available studies, however, a positive effect of
distributed practice on mathematical performance can be assumed.

An important factor for this lack of complex (mathematical) material in
experiments on distributed practice may be that in order to be able to practice something,
participants first have to be taught the respective concept or procedure, which increases the
complexity of the experimental design. Taking the studies by Rohrer and Taylor (2006,
2007) as an example, before having been shown how to calculate the number of
permutations, participants were not able to practice the respective formula. That is, studies
on the effect of distributed practice on mathematical performances almost always need

some kind of lecture or tutorial. A way to address this is to investigate the effect of

25



CHAPTER I: Introduction and aims

distributed mathematical practice in school. On the one hand, it is commonplace for
school students to first learn a concept and then practice it with exercises, so the
experimental procedure can be implemented quite naturally. On the other hand,
investigating the effect of distributed practice in school additionally offers the opportunity
to validate the effect of distributed practice in a real, authentic learning context —
something that has only rarely been considered in previous studies on distributed practice,
especially regarding mathematics. For these reasons, in the studies presented in the
following three chapters of this dissertation the effect of distributed practice on

mathematical performance has been investigated in school.
6.1 Study overview

In each study, the topic was chosen from the regular mathematics curriculum and
the material was prepared with the aim to create a learn- and practice-situation as authentic
as possible. The participating classes had not covered the topic in the respective school
year and first learned about it in lecture sessions conducted by the study team. Afterwards,
the students practiced the covered topics with exercises either massed (all exercises worked
consecutively in one session), or distributed over several days. The performance was tested
one to six weeks after the last practice session in order to assess long-term effects, too.
Because differential effects of distributed practice have only rarely been considered,
additionally in each experiment several learner characteristics were examined as potential
moderators.

In the first study, Distributing mathematical practice of third and seventh graders:
Applicability of the spacing effect in the classroom, two experiments were conducted. The
main purpose of the first study was to investigate whether distributed practice generally
improves performance of school students learning mathematics. In the first experiment,
third graders learned a semi-formal multiplication method, and in the second experiment,
seventh graders learned basic stochastics. Afterwards, students in both grades practiced the
respective topics with three practice sets, each containing multiple exercises on the covered
topics. Students of the massed practice condition worked all three practice sets in one
session, students of the distributed practice condition worked one practice set per day for
three consecutive days. The students were provided summary sheets with examples during
the practice sessions but received no correct solutions. The performance was tested twice,

first one week after the last practice session and then again six weeks after the last practice

26



CHAPTER I: Introduction and aims

session. All lecture, practice and test sessions took place in school and were supervised by
the study team.

In the second study, Distributed practice in mathematics: Recommendable
especially for students on a medium performance level?, one experiment was conducted.
The main purposes of the second study were to a) substantiate the results regarding the
seventh graders from the first study and b) investigate if the inclusion of correct solutions
during practice results in an overall increased performance level and potentially also in a
larger effect of distributed practice. Therefore, the experiment of the second study was
conducted in Grade 7, with lecture sessions and practice sets very similar to the second
experiment of the first study. However, this time the students received the correct solution
as feedback each time they finished an exercise. An expanding interval schedule was
applied for the distributed practice condition: Students of the massed practice condition
again worked all three practice sets in one session, but students of the distributed practice
condition had two days between the first and the second practice set, and five days between
the second and the third practice set. The performance was tested two and six weeks after
the last practice set. Again, the lecture, practice and test sessions took place in school and
were supervised by the experimental team.

In the third study, Distributed practice: Rarely realized in self-regulated
mathematical learning, one experiment in high school math courses was conducted with
the aim to investigate whether distributed practice proves a successful learning strategy in
a more self-regulated context, too. The main purposes of this study were to a) expand the
considered age range and to b) investigate if online exercises may offer a simple way to
implement distributed practice in school teaching and learning. As in the other studies, the
students were taught a topic that was afterwards practiced. This time, however, only the
lecture sessions took place in school and the practice and test sets were worked online at
home, using the same expanding interval procedure that was used in the second study. This
setting, that is, students receive some input in school and afterwards have to practice the
content at home, is typical for high school where learning generally is more self-regulated
than in the lower grades. The performance was tested two weeks after the last practice set

was worked.
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Abstract

We examined the effect of distributed practice on the mathematical performance of
third and seventh graders (N = 213) in school. Students first received an introduction to a
mathematical topic, derived from the regular curriculum. Thereafter, they practiced in one
of two conditions: In the massed condition, they worked three practice sets on one day. In
the distributed condition, they worked one practice set per day for three consecutive days.
Bayesian analyses of the performance in two follow-up tests one and six weeks after the
last practice set revealed a positive effect of distributed practice as compared to massed
practice in Grade 7. In Grade 3, a positive effect of distributed practice was supported by
the data only in the test one week after the last practice set. The results suggest that
distributed practice is a powerful learning tool for both elementary and secondary school

students in the classroom.
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Introduction

Practicing is fundamental for consolidating learned skills and knowledge. Whether
learning a language, a motor skill, or a mathematical procedure, students must practice
their developing skills to maintain and improve their performance. School subjects, such as
mathematics, also rely on practice. Often, students acquire a new mathematical concept or
procedure and practice it with similar tasks. That is, solutions are not learned by heart, but
the application of mathematical procedures is practiced until a certain confidence level is
reached. Maintaining acquired knowledge and skills is important in mathematics, because
subsequent topics often build on previously learned mathematical content. Thus, forgetting
may impede not only present but also future achievement. The aspect of long-term
retention is especially important in school because blocked courses are common. For
example, mathematical analysis is taught for a few weeks in a blocked course, then tested,
followed by several weeks of geometry. The next topic requiring analysis may not occur
for weeks or even months. Thus, learned content is often not accessed for long periods
before it is retrieved and applied again. Given the cognitive challenges in this type of
learning environment, knowing which learning strategies enhance long-term retention and
minimize forgetting is essential for preserving knowledge even beyond intermediately
covered topics.

Several processes that have been found to boost encoding and retrieval were
subsumed under the term desirable difficulties (Bjork, 1994, 2013). Learning strategies
relying on these desirable difficulties are supposed to make the learning process harder for
the learner but contribute to the consolidation of knowledge over longer periods of time.
Within cognitive psychology, these strategies have received much attention (e.g.,
Carpenter, Pashler, Wixted, & Vul, 2008; Dunlosky, Rawson, Marsh, Nathan, &
Willingham, 2013; Rohrer, Dedrick, & Stershic, 2015; Toppino & Gerbier, 2014).

One widely investigated and potent learning strategy related to desirable difficulties
is the spacing of learning sessions, also known as distributed practice (Carpenter, Cepeda,
Rohrer, Kang, & Pashler, 2012). The terms spacing and distributed practice are often used
interchangeably. The term distributed practice is used in the current paper because it
focuses on the spacing of practice. Generally, distributed practice implies that a given
practice duration is distributed across several learning sessions, whereas the same learning
duration is massed within one learning session with massed practice (Bjork & Bjork,

2011). The effect of distributed practice is widely studied and considered to be robust, with
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the long-term retention performance after distributed practice usually exceeding
performance after massed practice (Carpenter et al., 2012; Kiipper-Tetzel, 2014).

Different theoretical approaches have been proposed to explain the positive effect
of distributed practice on long-term retention and presumably, different mechanisms
contribute to this effect simultaneously (Kiipper-Tetzel, 2014; Toppino & Gerbier, 2014).
There are three main theoretical approaches: Deficient processing theories (Challis, 1993;
Craik & Lockhart, 1972; Crowder, 1976; Hintzman, 1974; Toppino & Gerbier, 2014),
theories based on study phase retrieval mechanisms (Bjork, 1975; Braun & Rubin, 1998;
Kiipper-Tetzel, 2014; Thios & D’Agostino, 1976), and encoding variability theories
(Glenberg, 1979; Kiipper-Tetzel, 2014; Toppino & Gerbier, 2014; Tulving & Thomson,
1973). Although originally referring to verbal learning, all three approaches appear to be
suited to explain effects of distributed practice in procedural mathematical learning as well.

Given the persuasive evidence regarding the positive effect of distributed practice
for verbal memory recall, ample grounds exist to expect that distributed practice might also
work for learning mathematical procedures — but this assumption has yet to be
investigated.

Distributed practice in the classroom

In the classroom, distributed learning already occurs in some regards (e.g., a topic
is frequently and repetitively taught for several weeks), while in other regards, it is not as
common. For example, homework is mostly used to practice only the information most
recently learned. In our experience, teachers also rarely encourage their students to
systematically distribute their homework across several days. Instead, practice is usually
massed within relatively short periods of time, and even when learning and practice
happens to be distributed, this strategy is not implemented systematically. That is,
assuming that distributed practice is superior to massed practice, several possible
applications of distributed practice in the educational context remain untapped (Kang,
2016).

In addition, the learning conditions in school are much less controllable than in the
laboratory, where most of the studies regarding distributed practice take place, because
students in school, for example, practice in potentially noisy environments. Given the lack
of ecologically valid studies in this line of research, the field needs studies that investigate
whether the promising laboratory results on the effects of desirable difficulties, or
distributed practice in particular, also hold in applied learning settings. Only a few studies

on distributed practice, however, have adopted learning contents based on actual curricula
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(e.g., Kapler, Weston, & Wiseheart, 2015), for example, by investigating the distributed
practice effect using mathematical procedures in classrooms or college courses (for an
overview, see Kang, 2016). Moreover, studies investigating distributed practice effects
have addressed only particular aspects, for example by delivering information verbally and
focusing on declarative knowledge only (Carpenter et al., 2012; Cepeda, Pashler, Vul,
Wixted, & Rohrer, 2006; Delaney, Verkoeijen, & Spirgel, 2010; Son & Simon, 2012;
Toppino & Gerbier, 2014). Though findings from these studies likely can be generalized to
school subjects that require much declarative memory recall (e.g., foreign language
learning), they fail to address the extent to which distributed practice shows similar
positive effects in school subjects that rely more on implicit, procedural memory such as
mathematics. Procedural mathematical learning differs from pure memorization and can be
defined as “the ability to execute action sequences (i.e., procedures) to solve problems”,
whereas conceptual mathematical knowledge can be conceived as “knowledge of
concepts” (Rittle-Johnson & Schneider, 2015, pp. 1119-1120).

Despite the growing interest in examining distributed practice effects on
mathematical learning (Rohrer & Taylor, 2006, 2007), or distributed practice in authentic
educational settings (Goossens et al., 2016; Kapler et al., 2015), both aims have rarely been
combined. To the best of our knowledge, only two studies have specifically investigated
distributed practice effects on mathematical learning within the school context. In the study
by Schutte et al. (2015), third graders practiced addition problems each day for four min
over the course of 19 school days. They either practiced massed each day for four min, or
they distributed the practice duration over two 2-min sessions or over four 1-min sessions
on the same day. Students in both distributed practice groups outperformed those who
practiced each day in a massed fashion on the immediate post-test and a maintenance test
conducted 10 days after the end of the intervention. These results notwithstanding,
essentially all students were in a distributed practice condition, because practice in all
groups was distributed across 19 days, and differences only reflect the effects of
distribution within each day. In two other experiments conducted by Chen, Castro-Alonso,
Paas and Sweller (2017), fourth and fifth graders who practiced a mathematical procedure
distributed over three days achieved higher performance scores than students who
practiced massed on one day. However, for theoretical reasons, the authors varied the
retention interval between the conditions: The massed-practice students were tested
immediately following the practice phase, whereas the distributed-practice students were

tested the day after their last practice session. Additionally, intermediate and long-term
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retention was not tested. Thus, more research is needed to further develop the paradigm
and to corroborate these promising first results on the effect of distributed practice on
mathematical learning in school. To address this need, we investigated distributed practice
effects on the learning of mathematical procedures in the classroom.

Research objective and hypotheses of our study

The purpose of our study was to examine the effect of distributed practice on
mathematical performance in the classroom. Brief mathematics lessons were developed for
third and seventh graders based on their regular curricula. Students were not required to
learn facts taught in the classroom by heart but instead worked on slightly different but
conceptually similar math exercises either by massed or distributed practice. We expected
that students in the distributed practice condition would outperform students in the massed
practice condition in the test conducted one week after the last practice session, and that
this difference would be even more marked in the six-week follow up test, because the
positive effect of distributed practice becomes usually more evident in the long run
(Kiipper-Tetzel, 2014).

In sum, our central hypotheses were as follows: For both grades included in our
study we expected that students practicing a mathematical topic in a distributed fashion
would perform better in a test conducted one week after the last practice than students
practicing with the same exercises in a massed fashion. Furthermore, the positive effect of
distributed practice compared to massed practice on the test performance should be even
bigger after six weeks than after one week in both grades.

Method
Participants

In total, 141 third graders from five elementary schools and 171 seventh graders
from four secondary schools in Germany were recruited !. These age groups were selected,
because they cover two different school levels (i.e., primary and secondary school). The
schools were located in or around a middle-sized city in Germany in neighborhoods with a
medium socio-economic status. Parents were informed about the aims of the study and
signed a consent form to allow the participation of their children. Participation was
voluntary and could be terminated by the children at any time in the study. One elementary

school class with 16 students was excluded because the students failed to follow the

! This study was carried out in accordance with the recommendations of the ethics committee of the Faculty
of Human Sciences of the University of Kassel with written informed consent from all legal guardians of the
subjects in accordance with the Declaration of Helsinki.
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instructions sufficiently and frequently talked during practice and test sessions, even
though talking was forbidden. The decision to remove this specific group was made while
the practice sessions took place and before any data were examined.

To be included in the analyses, students were required to have been present during
all lesson, practice and test sessions. After exclusions, the data from 95 third graders (51
female, 44 male; M, = 9 years, 6 months, age range: 8-11 years) and 118 seventh graders
(66 female, 52 male; Mg = 13 years, 5 months, age range: 12-14 years) were analyzed.

The seventh graders were attending mathematical classes of different course levels,
aimed at different graduation qualifications when finishing school. The study included 55
students attending an intermediate level math class (aimed at the “Mittlere Reife”
certificate) and 63 students attending higher level math classes (aimed at the “Abitur”
qualification to study at a university). No such differentiation occurred for the third-grade
classes. All participating students spoke fluent German.

Design

Practice schedule was manipulated between subjects. Students practiced the
learning content (i.e., mathematical procedures) either massed on one day or distributed
over the course of three consecutive days. The total practice duration was the same in both
conditions.

A randomized block design was used to assign the students to one of the two
conditions, based on the students’ prior mathematical performance. Therefore, they were
ranked by their last grade in mathematics and were then consecutively assigned to the
massed or distributed condition within each grade level. In addition, about one half of the
students in each class participated in the distributed condition and the other half in the
massed condition. This procedure ensured that class and teacher effects were minimized: If
a complete class had been assigned to the distributed practice condition and another class
to the massed practice condition, differences in performance could be due to the
experimental condition or to an overall better performance in one class (class effect) or to
the experimental teacher (teacher effect), because not all classes were taught by the same
person. Both of the latter effects were ruled out by the randomized block design.

Dependent measures were the intermediate and long-term math performance
results, tested one week and six weeks after the last practice session. In addition to the
manipulated variable of practice schedule, several cognitive and motivational variables and
individual characteristic variables were assessed to examine whether they potentially

moderate the effect of the distributed practice schedule on learning performance. However,

34



CHAPTER II: Study 1

no interactions with the practice condition were detected. Information on these variables
and the corresponding exploratory analyses can be found in the supplemental material

provided online (https://osf.io/vfcgz/?view only=21d3cbd9¢2e04119864b2096a2f8cal0).

Procedure

In Grade 3, the introductory lesson lasted 90 min and was used to introduce a semi-
formal multiplication method. In Grade 7, the introductory lessons consisted of two 90-min
lessons, separated by two days, introducing basic probability calculations. Before the
respective topics were introduced, the students worked on a short test assessing prior
knowledge. In Grade 3, this test referred to precursors of semi-formal multiplication that
should have been acquired previously at least to some extent (e.g., semi-formal addition
and mental multiplication). The overall high performance in the prior knowledge test
confirmed that the students of both conditions possessed the required knowledge. In Grade
7, the prior knowledge test assessed whether students already had some understanding of
the probability concept. Contrary to the third graders, the topic should generally have been
new and it was expected that the students would not perform well in the prior knowledge
test. This was confirmed for the students of both conditions. The lessons were held by
student teachers without degree but with teaching experience who were supervised by the
authors. As stated above, both conditions were realized within each class to minimize
potential class and teacher effects. In each seventh-grade class, both lessons were taught by
the same teacher.

Following the introductory lesson(s), the students were required to work through a
total of three practice sheets. In the massed condition, students worked all three practice
sheets consecutively on the first day of the practice sessions, whereas students in the
distributed condition solved only the first sheet. On the following two days, students in the
distributed condition worked the two remaining practice sheets (one per day). Thus, the
overall number of exercises was the same in both conditions, but they were either massed
in one session or distributed over three days. Breaks between the practice sheets were not
scheduled, but students of the massed practice condition who finished their exercises early
were required to wait until all students were ready to start the new sheet.

In third grade, all students started practicing the day after their lesson. Each of their
sheets consisted of four exercises and students were given 10 min per sheet. In seventh
grade, the lag between the second lesson and the first practice session ranged from five to

seven days. The greater time lag compared to the third graders was necessary because the
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students were scheduled to practice on three consecutive days, and the seventh graders
already had two sessions in the first week for the introductory lesson. In Grade 7, each
sheet consisted of three exercises, and students were given 15 min per sheet. For a

schematic overview of the complete procedure, see Figure 1.

3 Practice set 1
Grade 3: 2 | Practice set2 | Filler Task ‘ ‘ Filler Task |
Semi-formal = Practice set 3

multiplication

Grade 7 B Practice set 1
. -
: =1
Stochastics 2 Filler Task Practice set 2 Practice set 3
‘*6 e
e Filler Task
Preliminary
tests Lesson Practice sessions - 3 days Test 1 Test 2
1 day-7 weeks 1 day (Grade 3) / ~5 days (Grade 7) 7 days 35 days
between between lesson and first exercise between last exercise and first test between tests

preliminary tests
and lessan

Figure 1. Schematic of the experimental procedure.

While working on the practice sheets, each student had access to a summary sheet
containing examples, including solutions, from the introductory lesson. This procedure was
supposed to simulate a homework situation in which all classroom material is usually
available. We ensured that examples and exercises were different to prevent students from
simply copying the solutions. Students were asked at the end of each practice sheet
whether they had used the summary to solve the exercises.

To examine effects on learning performance, students were handed tasks similar but
not identical to those that were worked on during the practice sessions. Similar to the
practice sessions, each test session lasted about 10 min in Grade 3 and 15 min in Grade 7.
Test sessions differed from practice sessions in that the summary sheet was not provided.
Thus, students were required to complete the test tasks completely on their own. Each test
additionally included one of two transfer tasks to investigate whether the effect of
distributed practice could be generalized to exercise problems that had not been previously
worked on. However, because the performance in both grades was very poor in these
transfer tasks regardless of the learning condition, they were not further analyzed.
Information on the transfer tasks is provided online in the supplemental material

(https://ost.io/vicgz/?view only=21d3cbd9c2e04119864b2096a2f8cal0).
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The first test was regularly conducted seven days after the last practice opportunity.
In one school, 26 students of the distributed practice condition in seventh grade were
already tested after six days because of a school holiday. One single seventh grade student
of the distributed practice condition was already tested after five days due to an
organizational mistake. These deviations that occurred in Grade 7 will be discussed in the
Results section. The second test regularly took place five weeks after the first test (six
weeks after the last practice opportunity). Two seventh grade classes were tested one week
earlier because of the summer holidays. Consequently, the lag between the first and the
second test was 28 days for 29 students and between 35 and 37 for the other 88 students of
Grade 7. In Grade 3, one class with ten participating students was tested ten to twelve days
later than scheduled, due to organizational reasons. However, given that these procedural
deviations regarding the second test in both grade levels occurred for both the massed and
the distributed practice students of the respective classes, we expected that the results are
only marginally affected, if at all. Nonetheless, like the deviations regarding the first test,
these deviations will be accounted for when the results are presented.

No substantial questions were answered by the experimenters during practice and
test sessions. Only strategic help was provided (e.g., “Can you remember how we solved
this kind of problem during the lesson?” or “Maybe you remember that there was a trick to
solve this kind of problem?”’). To prevent cheating and mutual help, students from the
distributed and the massed conditions in each class were seated alternately in all sessions,
beginning with the introductory lesson. Students and teachers were not given any
individual feedback on practice or test performances. Teachers were told not to continue
working on the topics relevant for the study (third grade: semi-formal multiplication;
seventh grade: stochastics) before the end of the last test. During every test session, the
teachers were asked whether they had worked on the topics. Unfortunately, one teacher of
a third grade class stated that she reviewed semi-formal multiplication in class after the
first but before the second test was conducted. This will be considered in the Results
section, too.

Material

The lessons and all practice sheets were developed specifically for this study, based
on typical school lessons and exercises. Several didactics experts, including mathematics
education specialists for elementary and secondary schools, supervised this development

and evaluated or revised the lessons and exercises. The topics for both grades were chosen
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from the regular curriculum and only classes in which teachers had not already taught the
topics during the current school year could participate.

In the introductory lessons, the third graders were taught a semi-formal
multiplication method and the seventh graders were taught basic probability calculations.
Semi-formal multiplication is a procedure to solve multiplication tasks including multi-
digit numbers. Within this study, only tasks with one one-digit number and one two- or
three-digit number were taught. The students were required to split the two- or three-digit
number into hundreds (in case of three-digit numbers), tens, and single units, and then
multiply these by the one-digit number. The results had to be summed up to obtain the
result. The teaching content for the seventh graders included the calculation of simple
probabilities and drawing tree diagrams. In the first lesson, they were introduced to the
basic concepts of probability calculations and how to draw one-stage tree diagrams. The
second lesson built on the first lesson by teaching the students how to draw simplified and
multiple-stage tree diagrams. The lessons of both grades provided explanations of the
relevant mathematical procedures and example tasks, which were solved together in the
class. In the seventh-grade classes, the lessons additionally included short probability
experiments, such as coin tossing and a few exercises that were worked on by the students
individually. The third graders were not required to work on exercises alone during the
lessons. Thus, we minimized individual practice during the lessons in both grades so that
the practice effect could be attributed to the practice sessions, not the lessons.

During the practice sessions, the students worked on tasks based on the
introductory lesson. All practice sheets for third and seventh graders were conceptually
similar but contained tasks with different numbers. Therefore, using solutions learned by
heart was not possible. The maximum score on a practice sheet in third grade was 16. The
maximum score on a practice sheet in seventh grade was 8. Examples of the semi-formal
multiplication tasks that were worked on by the third graders and the practice sheet
containing all types of tasks worked on by the seventh graders can be found in the
Appendix. The complete material including the lesson scripts can be inspected in the
supplemental material provided online
(https://osf.io/vicgz/?view only=21d3cbd9¢2e04119864b2096a2f8cal0).

The tests assessing intermediate and long-term performance were similar to the
practice sheets. The maximum score on a test sheet in both grades was 12. The numerical
solutions of all tasks of the practice and test sheets were scored by the same rater using a

predefined scoring scheme. The scoring was unequivocal because each problem had only
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one correct (often numerical) solution. Consequently, a second rater was not needed.
Depending on the task, receiving more than one point per task was possible, and partial
points were granted (e.g., when a third grader correctly split the multiplicands but made a
mistake when multiplying them).
Results

The data and R scripts for data preparation and analyses are provided online
(https://osf.io/vfcgz/?view only=21d3cbd9c2e04119864b2096a2f8cal0) 2.
Effect of distributed practice in Grade 3

The descriptive results of the third graders’ performance in all practice and test

sessions are shown in Table 1.

Table 1
Performance of Third Graders (Mean Percentage of Correctly Solved Tasks)

Practice sheets Tests
Practice
" 1 2 3 1 Week 6 Weeks
condition
Massed 78% 86% 85% 82% 86%
(72-85%) (79-92%) (79-92%) (75-88%) (79-92%)
Distributed 81% 90% 88% 91% 92%
(75-87%) (86-94%) (84-92%) (87-95%) (85-95%)
N 95 95 95 95 95

Note. 95%-confidence intervals in parentheses.

The descriptive results revealed that in the practice sheets, third graders in both
conditions already scored near the maximum, and that this high performance carried over
to the intermediate and long-term tests, suggesting a ceiling effect. In addition, no decrease
in performance occurred between the first and second test for the distributed practicing
third graders and even a small increase for the massed practicing third graders.

To test the two main hypotheses, two linear regression models were calculated, one

addressing the performance one week after the last practice set and one addressing the

2 The data was analyzed with R (R Core Team, 2016) and the following R-packages were used for data
preparation and analyses (in alphabetical order): partykit (Hothorn, Hornik, & Zeileis, 2015; Hothorn &
Zeileis, 2015), psych (Revelle, 2016), RStan (Stan Development Team, 2018), tidyverse (Wickham, 2017).
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performance change from first to second test. The models were performed as Bayesian
regression models because the sample sizes were rather small and Bayesian statistics
allows to interpret the results as a range of possible values together with their respective
probabilities instead of the more binary result of frequentist statistics, where an effect is
labelled as either significant or not significant. That is, with Bayesian statistics, the
parameters of the models are represented as distributions rather than point estimates and
the effects can be assigned probabilities instead of significance levels (Biirkner, 2017;
Kruschke, 2015). The Bayesian models were realized with the R package brms (Biirkner,
2017). Because there is only very little research on the effect of distributed practice on
mathematical performance in a school context, we kept the default priors for the effect
parameters, which is an improper flat prior over the reals (Biirkner, 2017). This way, the
results are mainly defined by the data and hardly influenced by assumptions about the prior
distributions. All of the following models include the practice condition (distributed vs.
massed practice) as well as the performance score in the very first practice sheet as control
variable for the performance before any experimental manipulation was introduced and
were checked for autocorrelation and proper chain conversion.

The first model was calculated with the performance of the third graders in the first
test as dependent variable, in order to analyze the performance differences between massed
and distributed practicing students one week after the last practice session. The mean of the
posterior distribution of the effect of distributed practice in this first model was 0.99 (95%
credible interval = 0.17 to 1.82). That is, third graders of the distributed practice condition
are expected to attain about one point more in the performance tests (max.: 12 points) than
the third graders of the massed practice condition. An evidence ratio test for the posterior
distribution of the effect of distributed practice revealed that it is about 100 times more
likely that distributed practice has a positive effect on the performance one week after the
last practice as compared to massed practice, than that distributed practice has no effect or
a negative effect. With reference to Lee and Wagenmakers (2013), this can be interpreted
as extreme evidence in favor of a positive effect of distributed practice. The mean of the
posterior distribution of the control variable (i.e., performance in the first practice set), was
0.35 (95% credible interval = 0.23 to 0.47), suggesting that third graders with a better
performance in the first practice set unsurprisingly can also be expected to achieve higher
scores in the first test, compared to third graders with a poorer performance in the first

practice set.
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The second model was calculated to analyze the third graders’ performance change
from the first to the second test, conducted six weeks after the last practice. It was
hypothesized that the positive effect of distributed practice would be even more
pronounced six weeks after the last practice set. The change was calculated as the
difference between the scores in the second test and the first test. According to our
hypothesis, this change score should be higher (or less negative) in the distributed practice
condition than in the massed practice condition. However, the mean of the posterior
distribution for the effect of distributed practice on the change score was -0.62 (95%
credible interval =-1.53 to 0.30), which means that, contrary to our hypothesis, the third
graders of the distributed practice condition are estimated to have a higher performance
loss than third graders of the massed practice condition (or rather, considering the
performances presented in Table 1, for students of the massed practice condition a higher
performance gain is estimated). Correspondingly, according to the evidence ratio test, it is
less likely that the effect of distributed practice has a positive effect on the performance
change between first and second test than that it has no or even a negative effect. More
precisely, it is only 0.1 times as likely that distributed practice has a positive effect than
that it has no effect or a negative effect, which can be interpreted as moderate evidence
against a positive effect of distributed practice (Lee & Wagenmakers, 2013). The
performance in the first practice set did not seem to influence the performance change from
first to second test: The mean of the posterior distribution of the effect is 0.06 with a 95%
credible interval from -0.07 to 0.20.

Because there was no empirical support for our second hypothesis, a third model
was calculated to analyze the difference between distributed and massed practicing
students six weeks after the last practice set and to check whether the performance
advantage of distributed practice held for the second test. The posterior distribution of the
effect of distributed practice on the performance six weeks after the last practice as
compared to massed practice had a mean of 0.37 (95% credible interval = -0.50 to 1.20).
This range suggests that the effect of distributed practice after six weeks is much less
conclusive compared to the effect one week after the last practice set. In fact, the evidence
ratio test revealed that it is only four times as likely that distributed practice — compared to
massed practice — has a positive effect on the performance after six weeks as that it has no
effect or a negative effect. That is, six weeks after the last practice set there is only little
evidence for a positive effect of distributed practice on the mathematical performance of

third graders (Lee & Wagenmakers, 2013). The effect of the performance in the first
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practice set on the performance in the second test was similar to the effect on the
performance in the first test with a mean of 0.42 (95% credible interval = 0.30 to 0.54).

As was stated in the procedure there were two important points that have to be
considered regarding the third grade: Ten students were tested considerably later for their
long-term performance (45 to 47 days after the last practice set instead of 35 days) and one
teacher (14 students) had stated that semi-formal multiplication had been reviewed after
the first, but before the second test was conducted. Control analyses were performed to
make sure that the missing effect of distributed practice on the long-term performance
could not be attributed to these special cases. Here, it could be confirmed that removing the
students did not result in an effect of practice condition. That is, neither the longer
retention interval for one group nor the review of the experimental topic for another group
was the reason for the missing effect in the long-term test performance in Grade 3.

Effect of distributed practice in Grade 7
The descriptive results of the seventh graders’ performance in all practice and test

sessions are shown in Table 2.

Table 2
Performance of Seventh Graders (Mean Percentage of Correctly Solved Tasks)

Practice sheets Tests
Pract} C.e 1 2 3 1 Week 6 Weeks
condition
Massed 63% 75% 59% 44%, 45%
(56-70%) (67-81%) (52-66%) (36-52%) (38-53%)
Distributed 61% 80% 55% 51% 51%
(54-68%) (75-85%) (49-62%) (44-58%) (42-59%)
N 118 118 118 118 118

Note. 95%-confidence intervals in parentheses.

Like for the performance of the third graders, Bayesian linear regression models
were used to analyze the effect of distributed practice on the intermediate and long-term
performance of the seventh-grade students. Again, in each of the following models
performance in the first practice set was included as control variable. In the first model,

with performance in the first test as dependent variable, the posterior distribution of the
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effect of distributed practice had a mean of 0.93 (95% credible interval = -0.18 to 2.06).
This result is rather similar to that of the third graders, who also had a positive effect of
distributed practice of around 1 point within a 0-12-point score range. The evidence ratio
for the effect of distributed practice on the performance one week after the last practice
lead to the conclusion that it is 18 times more likely that distributed practice has a positive
effect compared to massed practice, than that it has no effect or a negative effect. With
reference to Lee and Wagenmakers (2013) this can be considered strong evidence. The
effect of the performance in the first practice set on the first test performance had a mean
0f 0.82 (95% credible interval = 0.55 to 1.10), which means that for seventh graders with a
better performance in the first practice set, a higher performance in the first test is expected
as well. Again control analyses were performed because 23 of the 118 students were tested
one or two days early (5 or 6 days after the last practice instead of 7 days). Restricting the
sample to those who were tested as scheduled resulted in a similar mean estimate for the
effect of distributed practice (0.86 instead of 0.93) but a lower evidence ratio of 9 instead
of 18. Though this is only considered moderate evidence in favor of a positive effect of
distributed practice we suspect that this is mainly due to the smaller sample and as the
evidence still supports the positive effect of distributed practice of almost 1 point we
maintain our interpretation of the main analysis.

Again, the second model was computed with the performance change from first to
second test as dependent variable. The mean of the posterior distribution of distributed
practice was -0.15 (95% credible interval =-1.10 to 0.79) and the evidence ratio indicated
that it is only 0.62 times as likely that distributed practice has a positive effect as that it has
no effect or a negative effect on the performance change from first to second test. Because
an evidence ratio of 1 would mean no effect, this pretty much leads to the conclusion that
contradicting our hypothesis the practice condition did not influence the performance
development between first and second test. The mean of the control variable, performance
in the first practice set, was 0.17 (95% credible interval = -0.06 to 0.39).

Because the second hypothesis — that students in the distributed practice condition
would show a smaller performance decrease than students in the massed practice condition
— was not supported, an additional model was conducted to analyze the performance in the
second test directly. With performance six weeks after the last practice set as dependent
variable, the mean of the posterior distribution of distributed practice was 0.79 (95%
credible interval =-0.35 to 1.94), that is, the posterior distribution for the effect of

distributed practice in Grade 7 was roughly similar to the one for the effect on performance
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one week after the last practice set. The evidence ratio for the positive effect of distributed
practice was 10, that is, for the seventh graders even at the second test it is 10 times more
likely that distributed practice has a positive effect on the performance six weeks after the
last practice, compared to no effect or a negative effect, which is considered strong
evidence (Lee & Wagenmakers, 2013). Finally, the posterior distribution of the first
practice set performance had a mean of 0.99 in this model (95% credible interval = 0.71 to
1.27), confirming again that a higher performance in the first practice set is related to a
higher score in the test. Finally, for the second test again a control analysis was performed
because some students were tested one week earlier than scheduled. Removing these
students from the sample similar to the first test resulted in a comparable mean estimate
(0.83 instead of 0.79) and a slightly lower evidence ratio (8 instead of 10). Again, the
control analysis confirms the central results of the main analyses which therefore will be
further referred to.

Discussion

The main purpose of this study was to investigate the effect of distributed practice
on the mathematical performance within an authentic educational setting. Students of
elementary and secondary schools practiced mathematical procedures either massed in one
day or distributed across three days. The total duration of practice was constant in both
conditions. Performance was tested after retention intervals of one and six weeks.

The results of the present study provide a strong indication that distributing
mathematical practice across several days improves mathematical performance of students
in elementary and secondary school at least up to one week after the last practice session.
These results are in line with the findings of Schutte et al. (2015), who reported a positive
effect of distributed practice on mathematical performance for third graders until ten days
after the intervention. However, all children in their study, in essence, practiced in a
distributed manner, because they solved addition problems across 19 days. The intensity of
the distribution was varied only within each day, and children solved the tasks either in
one, two, or four sessions. Thus, a pure massed condition, as in our study, was not
involved.

Interestingly, the results for third and seventh graders were surprisingly similar one
week after the last practice (i.e., about 1-point performance gain for the distributed practice
condition within a 0-12-point score range), despite differences in the procedure: First,
different topics were covered as they were oriented towards the actual curricula of the two

grades. Second, the schedule of the introductory and practice sessions differed: The third
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graders had only one introductory lesson and started practicing the next day, while the
seventh graders had two spaced introductory lessons and started practicing five to seven
days after the second lesson. Nevertheless, both age groups benefitted from distributed
practice in a similar manner in the test one week after the last practice.

Contrary to our hypotheses, the advantage of distributed practice did not become
stronger in the long run. Especially in Grade 3, the opposite seemed to be the case, because
the advantage of distributed practice was no longer present six weeks after the last practice
session. In Grade 7, however, the effect appeared to be more stable. An explanation for this
difference between the two grades could be the kind of tasks the students worked on.
Although most of the third graders had not practiced semi-formal multiplication in class
outside our visits, they may have practiced mental multiplication and formal addition
methods within other topics in mathematics (e.g., when learning about money, students add
and subtract sums of money and thereby practice addition). Because students of both
conditions potentially practiced these skills, differences between the conditions may have
been diminished in Grade 3. Stochastics, practiced in Grade 7, on the other hand, is a rather
unique and isolated mathematical topic. That is, the performance differences of the seventh
graders were likely not influenced by other topics covered in class between the two tests.

One important feature of the present study should be noted: The students did not
receive any feedback or correct solutions during the practice sessions. The only external
source available to them was the example sheet with exercises and solutions similar to the
ones that had to be practiced. This practice environment is comparable to homework
exercises for which all material is available, but solutions are provided only in the next
class. In future studies, it could be investigated if the positive effect of distributed practice
is also revealed or even boosted when feedback is included in the practice sessions.
Additionally, the effects of distributed practice with and without feedback could be directly
compared.

Conclusions

Our data suggest that even in complex applied settings, distributed practice
improves mathematical performance more than massed practice. In the present study this
effect was more stable for the seventh graders compared to the third graders: In Grade 3,
where other topics were covered that might have diminished the effect of distributed
practice, the effect was present one week, but not six weeks, after the last practice set. In

Grade 7, the effect emerged both after one and after six weeks.
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To sum up, distributed practice remains a promising strategy in the context of
classroom learning and research should continue to explore the conditions under which

distributed practice improves the performance of learners in natural educational settings.
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Appendix. Exercise examples

The complete material can be inspected in the supplemental material provided

online (https://osf.io/vfcgz/?view only=21d3cbd9¢2e04119864b2096a2{8cal0).

Example practice sheet for the third graders. Each practice sheet consisted of one

exercise with four tasks.

Exercise 1
a) 13 y 6 =
b) 3 - 189 =
©) 5 58
d) 243 - 4 =
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Example practice sheet for the seventh graders. Each practice sheet consisted of

three exercises.

Exercise 1

Class 8a draws by lot which student has to start with the poem presentation. The teacher
writes all the names of the 27 students on little notes. Afterwards he draws one blindly.
What are the chances for Lisa to go first?

Answer: _ _ _ e _.

Exercise 2

What are the chances of drawing one of the two red queens out of a deck with 52 cards?
Answer: _ _ _ e _.

Exercise 3

There are 80 apples in one basket. 12 of them are unripe, 8 others contain a worm. Draw a
tree diagram to determine the probability of grabbing an unripe apple, of grabbing an apple

with a worm inside and of grabbing a good apple.
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Abstract

With this study, the effect of distributed practice on the mathematical performance
of seventh graders was investigated (N = 81). After a stochastics lesson, one group of
students worked three sets of exercises massed on one day, while the other group of
students worked the same exercises distributed over three days. Bayesian analyses of the
performance two weeks after the last practice revealed no evidence for an effect of practice
condition. However, four weeks later strong evidence for a positive effect of distributed
practice was revealed. Exploratory analyses indicated that especially students in the
medium performance range benefitted from distributed practice. The results are discussed
regarding the question under which circumstances distributed practice proves a useful

strategy for mathematical learning.
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Introduction

One important aim of learning in school and other real-world learning contexts is to
acquire knowledge and skills that can be retrieved not only after a short delay but also in
the long run. However, many strategies usually applied by learners, such as repeatedly
reading the learning content, promote rather short-term retention (Bjork, Dunlosky, &
Kornell, 2013). Thus, the knowledge might be retrieved in the next exam but then quickly
starts to decay. Several mechanisms have been proposed that aim at promoting long-term
retention in particular, by aggravating the learning process for the learner. These
mechanisms are labelled desirable difficulties (Bjork, 1994) and are related to a range of
successful learning strategies, for instance, the generation of the information to be learned
by the learner him- or herself instead of receiving the complete learning material in
advance (McDaniel, Waddill, & Einstein, 1988). Furthermore, testing can be used as a
learning strategy, too, when the learner tries to recall the to be learned content already in
the learning phase — instead of repeatedly rehearsing the material (Karpicke & Roediger
II1, 2008). Spacing or distributed practice means that the total time for learning is
distributed across at least two learning sessions — instead of massed in only one learning
session (Cepeda, Pashler, Vul, Wixted, & Rohrer, 2006). Finally, with interleaved practice
the learning contents of at least two related topics are covered alternately — instead of
covering one topic first and the other topic thereafter (Rohrer & Taylor, 2007).

The positive effects of learning strategies based on desirable difficulties were
demonstrated in a large number of studies that also have been entered into meta-analyses,
suggesting in general robust effects for the mentioned strategies (generation: Bertsch,
Pesta, Wiscott, & McDaniel, 2007; testing: Adesope, Trevisan, & Sundararajan, 2017;
Rowland, 2014; interleaved practice: Brunmair & Richter, 2018; Rohrer, 2012). For
distributed practice, which is the strategy central for the present study, meta-analyses
yielded a significant advantage for distributed compared to massed practice, with medium
to large effect sizes (Cepeda et al., 2006; Donovan & Radosevich, 1999; Janiszewski,
Noel, & Sawyer, 2003). Moreover, longer retention intervals were shown to profit from
longer temporal distances between the distributed practice sessions, although this
relationship is not considered to be linear (Cepeda et al., 2006).

Several theoretical accounts try to explain the positive effect of distributed practice
(for overviews see Kiipper-Tetzel, 2014; Toppino & Gerbier, 2014). One account assumes
deficient processing. Here, it is supposed that when a person learns an item by successive

repetitions (as in massed practice), the person (intentionally or not) processes the item
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more poorly than when the repetitions are separated by time lags (as in distributed
practice). Thus, deficient processing takes place in massed practice, whereas distributed
practice enhances processing and thereby improves retention performance (Craik &
Lockhart, 1972; Crowder, 1976; Hintzman, 1974). Another potential explanation for the
superior performance after distributed practice compared to massed practice is study phase
retrieval. The central assumption here is that the retrieval of a learned item or chunk of
information supports long-term retention, especially when the retrieval process itself is
hard, yet successful. When the lag between learning situations increases, as in distributed
practice, retrieval is harder than with massed practice, but it maximally strengthens the
memory trace if retrieval is successful. In massed practice, on the other hand, retrieval
throughout the learning period should be fairly easy, because little time passed since the
last retrieval attempt. Unfortunately, thereby the memory trace is hardly strengthened,
resulting in poorer long-term performance (Bjork, 1975; Kiipper-Tetzel, 2014; Thios &
D’Agostino, 1976). Finally, encoding variability theories are based on the assumption that
a learned item is stored together with retrieval cues. These retrieval cues can be of various
kinds and consist, for example, of the emotional state during learning, physical information
of the learning environment, or associations between the item and prior knowledge. It is
assumed that in massed practice, where repetitions follow immediately one after another,
the item is encoded repeatedly in roughly the same way, resulting in little growth of
relevant retrieval cues. With distributed practice, in contrast, more time passes between the
repetitions and chance is thus higher that the item is encoded in a different way,
accompanied by different retrieval cues. The greater variability of retrieval cues after
distributed practice should then boost performance compared to massed practice (Crowder,
1976; Glenberg, 1979; Toppino & Gerbier, 2014). By now, the different approaches
proposed to explain the positive effect of distributed versus massed practice are assumed to
be not exclusive. Instead, several accounts might work simultaneously. Most attempts to
formulate such hybrid theories combine different variations of study phase retrieval and
encoding variability approaches (Delaney, Verkoeijen, & Spirgel, 2010; Verkoeijen,
Rikers, & Schmidt, 2004, 2005; Young & Bellezza, 1982).
Distributed practice of mathematical procedures

The large majority of studies on desirable difficulties in general, and on the
distributed practice effect in particular, included adults as participants who were tested in
the laboratory, involving rather incoherent learning contents that referred to rote memory

of declarative knowledge, such as word lists or pictures (Carpenter, Cepeda, Rohrer, Kang,
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& Pashler, 2012; Cepeda et al., 2006; Dempster, 1988; Kang, 2016). Although the interest
in examining the effect of distributed practice in applied learning settings is increasing
(e.g., Kapler, Weston, & Wiseheart, 2015), it is still a fairly open question of whether
distributed practice yields positive effects if curriculum-based learning content is used,
aiming for example at promoting the acquisition of procedural knowledge, such as in
mathematics. The present study addresses this question by examining whether distributed
practice of mathematical material in the classroom leads to better performance than massed
practice in secondary school students.

Concerning distributed practice in mathematics, there are two studies with college
students who practiced permutation problems either in a distributed fashion with a 7-days-
delay or in a massed fashion on one day. The distributed practice group clearly
outperformed the massed practice group after one week (Rohrer & Taylor, 2007) as well as
after four weeks (Rohrer & Taylor, 2006). Yazdani and Zebrowski (2006) used a
combination of distributed and interleaved practice for the geometry homework of high
school students and showed that working on exercises of previous and current topics
(spacing + interleaving) improved performance compared to working on exercises only of
current topics (massing), up until six weeks after the learning period. A similar approach
was already pursued by Hirsch, Kapoor, and Laing (1982) and Saxon (1982) who used a
combination of distributed and interleaved practice for mathematics assignments in college
(Hirsch et al., 1982) and school (Saxon, 1982) and found that this “mixed review
homework strategy” led to better performance in students in particular in the lower and
medium performance ranges (for a review on mixed review in mathematics see also
Rohrer, 2009).

To our knowledge, there are only three studies investigating the isolated effect of
distributed practice in mathematics in the school context. Schutte et al. (2015) had third
graders practice basic addition problems by presenting them with four 1-min practice
sessions (a) consecutively (i.e., massed), (b) distributed with two back-to-back sessions in
the morning and two back-to-back sessions in the afternoon, and (c) all four sessions
separated and distributed across one day. The three practice procedures were repeated
across 19 days in total. Practice was explicitly timed and the number of correct digits per
minute at two tests, reflecting basic math fact fluency, served as dependent variable. Third
graders in both distributed practice conditions gained more basic math fact fluency across

the 19 days than third graders in the massed practice condition. However, one might argue
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that all three groups practiced in a distributed manner as they practiced addition across
multiple days.

Chen, Castro-Alonso, Paas, and Sweller (2017) compared the performance of 4th
and 5th graders who practiced fraction addition (Grade 4), calculation with negative
numbers, and solving fractional equations (both Grade 5) either massed on one day or
distributed across three days. The authors found that distributing practice over three days
significantly improved performance compared to massed practice in both grades. However,
these results have to be interpreted with caution because the students of the massed
practice condition were tested immediately after finishing their practice exercises while the
students of the distributed practice condition were tested one day after they had finished
their practice exercises. Thus, the retention interval was not held constant across both
conditions, which might have caused an adverse effect on the attention and motivation of
the massed practicing students.

Another direct comparison between the effects of massed and distributed practice
of mathematical procedures in school was conducted by Barzagar Nazari and Ebersbach
(2018). They taught third and seventh graders a mathematical procedure previously
unknown to the students (i.e., semi-formal multiplication and probability calculation,
respectively) that was then practiced in the classroom either massed for 45 min on one day
or distributed across three consecutive days for 15 min each. The performance in similar
but not identical tasks was assessed in two tests taking place one week and six weeks after
the last practice session. Based on Bayesian analyses of the test results, there was very
strong evidence for a positive effect of distributed practice compared to massed practice
one week after the last practice session in Grade 3, but the effect diminished in the second
test, conducted six weeks after the last practice session. It was assumed that while the third
graders did not practice semi-formal multiplication in class until the last test was
conducted, they still most likely practiced related skills within other topics that were
covered (e.g., they could have practiced mental multiplication, which is needed for semi-
formal multiplication), which could then have led to a decreasing performance difference
between the two practice conditions in the second test. In Grade 7, in contrast, there was
strong evidence for a positive effect of distributed practice compared to massed practice on
both the intermediate and long-term test performance. However, contrary to the hypothesis
that the positive effect of distributed practice would become more pronounced in the long
run (Kiipper-Tetzel, 2014), it diminished (as in Grade 3) or remained stable (as in Grade
7). One special feature of the described study was that the students of both grades did not
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receive feedback on their practice performance nor were they provided with the correct
solutions. Though it is encouraging that there was evidence for a positive effect of
distributed practice even without feedback or correct solutions, the question remains of
whether the effect increases or is more pronounced in the long run with feedback during
the practice sessions. Thus, students in the current study received feedback by being
presented with the correct solution once they had completed a practice task.

The influence of individual characteristics on the effectivity of desirable difficulties

Another relevant — but so far rather neglected — aspect concerning the applicability
of desirable difficulties in real learning contexts is whether the effects emerge for all
learners in a similar manner or whether they depend on learners’ motivational and
cognitive characteristics. This is an important question in particular if one strives to give
recommendations to teachers concerning the use of desirable difficulties in school. Such
aptitude-treatment-interactions (Cronbach & Snow, 1977; Snow, 1989) have been
established in many instructional areas and are supported by empirical findings (e.g.,
Hattie, 2008). However, with regard to desirable difficulties, such interactions were
theoretically assumed, too (e.g., McDaniel & Butler, 2011), but rarely tested. With regard
to distributed practice, which is the desirable difficulty that is in focus of the current study,
indications of moderating variables are sparse. While the effect of distributed practice has
also been demonstrated for a broad age range including children (e.g., Seabrook, Brown,
& Solity, 2005), the role of individual differences with regard to motivational or cognitive
variables is less clear. A few studies examined the effect of prior knowledge — some
yielding a larger benefit by distributed and interleaved practice for students with low prior
knowledge (Hirsch et al., 1982; Saxon, 1982), while others found no such interaction (Rea
& Modigliani, 1985). Studies on the effect of working memory capacity seem to indicate
that there is no interaction with the effect of distributed practice (Delaney, Godbole,
Holden, & Chang, 2018; Seabrook et al., 2005).

Barzagar Nazari and Ebersbach (2018) addressed the aspect of individual
differences concerning the effect of distributed practice more broadly by additionally
assessing various cognitive variables (i.e., initial practice performance, working memory
capacity, sustained attention, metacognitive monitoring) and motivational variables (i.e.,
mathematical self-efficacy, effort motivation, performance-avoidance goals, work
avoidance) of third and seventh graders in their sample. However, none of these variables
yielded a moderating effect. Given the sparse empirical basis concerning moderating

variables on the effect of distributed practice, we exploratory addressed this aspect in the
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present study, too: One of the challenges of distributed practice compared to massed
practice is that learners have to repeatedly engage in a topic that they may already have
forgotten about, because the last learning or practice session was several hours or days ago.
For students lacking (mathematical) self-efficacy, this may result in a complete surrender
to the topic because they cannot keep up while repeatedly being confronted with their own
failings (Zimmerman, 1995). A similar reasoning can be applied to individual effort
motivation, with students displaying high effort motivation being more likely to keep
working even when they face difficulties in distributed practice sessions. On the other
hand, students displaying low effort motivation might be tempted to stop to engage with
the topic in distributed practice, because they repeatedly have to retrieve information that
has been forgotten again, eventually reducing the positive effect of this learning strategy.
Concerning concentration abilites, however, it might be especially those with poor
concentration who benefit most from distributed practice because it requires to concentrate
for a shorter time compared to massed practice. Hence, mathematical self-efficacy, effort
motivation and self-rated concentration difficulty were considered to be potential
moderators for the effect of distributed practice in this study. Due to a programming error,
however, only self-efficacy and concentration difficulty could be evaluated (see Design).
Research questions and hypotheses

With this study, we aimed at extending the empirical grounds regarding the
usability of distributed practice for mathematical learning and regarding the question of
whether all learners benefit from this learning strategy to a similar extend or not.
Therefore, we examined the effect of distributed mathematical practice with feedback
among secondary school students and investigated two potential moderating motivational
variables. We expected that the inclusion of feedback in the practice sessions would
enhance students’ performance during practice and might help to boost the effect of
distributed practice in particular in the long run. Students practicing mathematical
procedures in a distributed fashion were expected to outperform students practicing the
same procedures in a massed fashion in an intermediate test, conducted two weeks after the
practice. In a long-term test, conducted six weeks after practice, the positive effect of
distributed practice was expected to be even larger, because the effect of distributed
practice is known to be especially pronounced in the long run (Kiipper-Tetzel, 2014). In
addition, we exploratory analyzed moderating effects of motivational variables of the
learners that theoretically have the potential to explain individual differences regarding the

effect of distributed practice.

60



CHAPTER III: Study 2

Method

Participants

The initial sample included 142 seventh graders of four schools, located in and
around a middle sized German city in neighborhoods with a medium socio-economic
status'. All students attended higher level courses aiming at the German higher education
entrance qualification “Abitur”. They participated voluntarily and could terminate their
participation at all times. Prior to the experimental manipulation, the parents signed a
consent form allowing their children to participate in the study. Only data of students who
attended at least one of two lecture sessions and worked all three of the practice sheets as
well as both tests were analyzed. This criterion and an irregularity of the testing time (see
Practice and test sessions and Appendix B) led to the reduction of the initial sample so that
the final sample included 81 seventh graders (46 female, 35 male; Mo = 13 years 3
months, age range: 12-14 years).
Design

Practice condition served as independent variable and was manipulated between
subjects: Within each class, one group of students practiced massed on one day and the
other group practiced distributed on three different days. For the distributed practicing
students, an expanding interval schedule was applied (see Material and Procedure; Kiipper-
Tetzel, Kapler, & Wiseheart, 2014). Before the students were assigned to one of the two
practice conditions, they were ranked by their mathematics grade of their last school
certificate, and then, within each grade group, they were randomly assigned to one of the
two conditions, ensuring that the overall math performance was roughly equal in both
conditions before manipulation. The final performance in the practiced content (i.e.,
probability calculation) served as dependent variable and was tested two and six weeks
after the last practice set was finished. To examine if individual learner characteristics
moderated the effect of distributed practice, we additionally included a questionnaire
assessing three motivational characteristics. However, for the items on effort motivation
accidentally the wrong answer scale was programmed and because of this, the items could
not be evaluated. In Table 1, the variable scales of the two remaining measures are
displayed along with translated sample items and information on their reliability based on

our data (Cronbach’s alpha). Finally, after finishing an exercise the students were asked

! This study was carried out in accordance with the recommendations of the ethics committee of the Faculty
of Human Sciences of the University of Kassel with written informed consent from all legal guardians of the
subjects in accordance with the Declaration of Helsinki.

61



CHAPTER III: Study 2

how hard they considered the previous exercise. This question can be used to examine
whether students of the distributed practice condition in fact perceived the exercises as

more difficult than students of the massed practice condition.

Table 1

Instruments Used to Assess Potential Moderators

Potential moderators Employed instrument Reliability
Mathematical self- 7 items of a German Academic Self-Efficacy Scale a=0.87
efficacy for School Children (Jerusalem & Satow, 1999),

adapted to mathematics

(Sample item: “In math, I can solve even the difficult

problems if I try hard.”)

Concentration 6 items of the German Learning Strategies in College  0.=0.91
— LIST (Boerner, Seeber, Keller, & Beinborn, 2005;
Wild & Schiefele, 1994)

(Sample item: “When I’m learning, I’'m easily

distracted.”)

Material and Procedure

To investigate the effect of distributed practice in an applied setting, we chose a
topic from the regular curriculum of Grade 7 (i.e., basic probability calculation) that had
not been introduced before, and prepared the lessons and exercises in close collaboration
with didactic experts and teachers. The students learned how to calculate simple
probabilities and to draw one- and two-stage tree diagrams. Only classes who had not
already covered probability calculation in the current school year participated in the study.
The lesson scripts, all practice and test sets as well as the corresponding scoring schemes
are provided in German language online

(https://osf.io/d542q/?view_only=7896190d809140d08b777fba6d564454).
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Prior testing and introductory lessons. In the first session (about 45 min), all
students individually answered a questionnaire on tablets concerning two motivational
characteristics (see Table 1). The questionnaire was programmed with the survey tool
LimeSurvey (Project Team / Schmitz, 2012). Thereafter, students’ prior knowledge on
probability calculation was assessed via pen-and-paper to ensure that the students had in
fact no significant experiences concerning this topic before the study started. The session
was directly followed by the first introductory lesson on probability calculation (45 min).
A second, longer introductory lesson on probability calculation (90 min) was held one or
two days after the first introductory lesson, depending on the class schedule. Both
introductory lessons were held by student assistants experienced in teaching children and
adolescents, who were supervised by the authors. The introductory lessons were designed
as normal school lessons and included examples and short experiments (e.g., coin tossing).
They were very similar to the lessons used for the abovementioned study by Barzagar
Nazari and Ebersbach (2018).

Practice and test sessions. Five to six days after the second introductory lesson,
the practice period started. The exercises for the practice sets and the final performance
tests were based on the topics covered in the introductory lessons and worked on the same
tablets that were used for the questionnaire. This had the advantage that after each exercise
the correct solution could be shown on screen individually and independently from the
pace of the other students. One practice set consisted of three exercises each that involved
the calculation of simple probabilities and the labeling as well as interpretation of a tree
diagram. The exercises of one practice set could easily be worked in less than 15 min. An
example of a practice set can be found in Appendix A. Students of the massed condition
worked all three sets consecutively on the first day of practice. Students of the distributed
condition started practicing the same day, but worked only the first practice set, after two
days the second practice set, and another five days later the third practice set (i.e.,
expanding interval; s. Figure 1)?. The practice sets consisted of conceptually similar but
not identical exercises, that is, students could not memorize the exact solutions but only the
solution process. The students were not allowed to use their material from the introductory
lessons while working the exercises, but after finishing an exercise, they were shown the

correct solution before going on to the next exercise (i.e., feedback). Right before the

2 In one school, eight students of the distributed practice condition had lags of two and three days instead of
two and five days, due to a national holiday.
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correct solution was shown, the students were asked how hard they considered the exercise

on the previous page’. It was not possible to click back to previous pages.

J "
Practice day 1 (ICTIy Practice day 2 5 days Y Practice day 3

Practice set 1

Massed ) ) .
. Practice set 2 Filler task Filler task

practice _

Practice set 3

Practice set 1
DIStn_bUted Filler task Practice set 2 Practice set 3
practice —

Filler task

Figure 2. lllustration of the two practice schedules. Each practice set and filler task took no

more than 15 minutes.

Two and six weeks after the last practice set was worked, the students were tested
with tasks similar to the ones of the practice sets. Different from the practice sessions, no
correct solution was provided after test tasks. In addition, the students were not explicitly
told in advance that they would be tested to prevent them from preparing for the tests.
Instead, both tests were announced as further exercises.

There were several deviations concerning the timing of the second test assessing
long-term performance, originally scheduled six weeks after the last practice set, which led
to the exclusion of one course. More information on the rationale behind this decision can
be found in Appendix B.

The students did not receive any individual feedback on their performance in
practice sets (the same sample solution was provided regardless of the answer given by the
student) and no feedback at all on the performance in test sessions. The student assistants
supervising the practice and test sessions were instructed to respond only with strategic
feedback to substantial questions concerning probability calculation (e.g., “Can you
remember how we solved this kind of problem during the lesson?”” or “Maybe you

remember that there was a trick to solve this kind of problem?”’). In addition, we asked the

3 Question: “What would you say, how hard was the exercise you just worked?” The answers were given on a
five-point scale: 1 “Very easy”, 2 “Easy”, 3 “Medium”, 4 “Hard”, 5 “Very hard”.
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regular math teachers not to elaborate the topic before the last test had been realized. At the
last test session, all teachers confirmed that they did not work on probability calculation
during the study period.

All practice exercises and test tasks were prepared with the research tool formr
(Arslan & Tata, 2017) and worked in class on tablets in a self-paced manner. Students who
finished first were asked to wait quietly until the rest of the class had finished too. On
times when the students did not have to work any exercises, they were provided brain-
teasers as filler tasks.

Coding. All of the correct solutions were numerical values or single words and
unequivocal. In total, three raters (i.e., two per class) rated the answers in the practice and
test sets using a predefined scoring scheme. Afterwards, the ratings were compared and
potential differences were resolved among the raters. In all cases, the differences were due
either to mistyped values or scores that were unintentionally not rated by one of the raters.

Results

The data sets and R scripts for data preparation and analyses are provided online
(https://osf.i0/d542q/?view only=7896190d809140d08b777fba6d564454).

The prior knowledge test, conducted before the lessons, confirmed that the
participating sample had a rudimentary knowledge of probability calculation, at most, with
only seven of 81 students gaining scores of 50% or more. The performance of students in

the massed and distributed condition in the practice and test sets are displayed in Table 2.

Table 2

Mean Performance Scores of the Students in Practice and Test Sets

Practice sets Test sets

Practice

.. 1 2 3 2 Weeks 6 Weeks
condition
Massed 5.53 7.19 6.89 6.22 5.90
(n=36) (2.71) (2.69) (2.75) (3.03) (3.03)
Distributed 5.58 7.22 6.99 6.56 6.87
(n=45) (2.58) (2.12) (2.37) (2.74) (2.81)

Note. Mean scores, standard deviation in parentheses. Maximum score of each set: 9.5. The

tasks per set were of the same type but not identical.
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Bayesian regression models were used to test the hypotheses. Among others, a
reason to choose Bayesian statistics over the frequentist approach was the relatively small
sample size. While the binary results (significant or not significant) of the frequentist
approach can make reliable conclusions complicated or even impossible when small
sample sizes are involved, Bayesian statistics allows to assign each parameter a range of
values together with the respective probability for the effect, even with small sample sizes
(Kruschke, 2015). Each of the models included the practice condition (distributed vs.
massed practice) to test the respective hypothesis and the score in the very first practice set
as control variable. The control variable was included to ensure that the effect of
distributed practice was not due to performance differences that existed prior to the
experimental manipulation. The models were estimated in R (R Core Team, 2016) using
the brms package* (Biirkner, 2017) and checked for autocorrelation and proper chain
conversion. Because there are only few existing results on the effect of distributed practice
on mathematical performance in school, no priors were specified. That is, for the two
independent variables an improper flat distribution over the reals served as prior
distribution (Biirkner, 2017).

To test the first hypothesis that distributing mathematical practice improves
performance two weeks after the last exercises more than massing the same amount of
practice, a Bayesian linear regression model with the performance in the first test as
dependent variable was computed. Practice condition and initial practice performance
served as independent variables. Contradicting the hypothesis, there was only little
evidence for a positive effect of distributed practice: The mean of the posterior distribution
for the effect of distributed practice was 0.31 (95% credible interval = -0.79 to 1.40). That
is, the expected performance difference between the students of the distributed and massed
practice condition is most likely between -0.79 and 1.4 (with the test score ranging from 0
to 9.5 points). The evidence ratio of 2.41 confirms that it is only about twice as likely that
distributed practice has a positive effect than that it has no effect or a negative effect on the
performance two weeks after the last practice set, compared to massed practice. Regarding
Lee and Wagenmakers (2013) this is only “anecdotal evidence” for a positive effect. The

mean for the effect of the performance in the first practice set was 0.58 (95% credible

4 Further R-packages we used for data preparation and analysis were (in alphabetical order): BayesFactor
(Morey & Rouder, 2015), gridExtra (Auguie, 2017), partykit (Hothorn & Zeileis, 2015), psych (Revelle,
2016), rstan (Stan Development Team, 2018) and tidyverse (Wickham, 2017).
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interval = 0.37 to 0.78), that is, a higher score in the first practice set is related to a higher
score in the first test.

The second hypothesis was that the positive effect of distributed practice would be
more pronounced in the long run, that is, the difference between distributed and massed
practicing students should be larger in the second test, conducted six weeks after the last
practice session. To test this hypothesis, the performance change between the second and
first test was calculated. According to the hypothesis, this change score should be higher
(or less negative, in the case of a performance decrease) in the distributed practice group
than in the massed practice group. Indeed, the mean of the posterior distribution for the
effect of distributed practice was 0.63 (95% credible interval =-0.33 to 1.57) and the
evidence ratio in favor of a positive effect of distributed practice on the change score was
10, which is considered strong evidence for a positive effect of distributed compared to
massed practice (Lee & Wagenmakers, 2013). The performance in the first practice set,
however, did not seem to influence the performance change between first and second test:
The posterior distribution for the initial practice performance was -0.01 (95% credible
interval =-0.19 to 0.16).

Because the first hypothesis could not be supported by the data, the performance
difference between distributed and massed practicing students in the second test was
additionally compared directly. For the second test, the mean of the posterior distribution
of distributed practice was 0.93 (95% credible interval =-0.21 to 2.07) and the evidence
ratio for the positive effect of distributed practice compared to massed practice on the long-
term test performance was 18, which is considered strong evidence (Lee & Wagenmakers,
2013). In practical terms this means that the performance advantage for the seventh graders
of the distributed practice condition compared to the seventh graders of the massed
practice condition is most likely about one point (with a maximum test score of 9.5 points).
Similar to the first test performance, the posterior distribution for the effect of the initial
practice performance was 0.56 (95% credible interval = 0.35 to 0.78) confirming that
students who scored higher in the first practice set on average can be expected to also
achieve a higher long-term test performance.

Finally, Bayesian t-tests were used to investigate the relationship between the
practice condition and the perceived difficulty regarding the different practice and test sets.
However, these tests did not indicate that the practice and test sets were perceived as more

or less difficult by the students of one of the two conditions.
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Exploratory analyses

Conditional inference tree models, as proposed by Hothorn, Hornik and Zeileis
(2006, 2015) were used to exploratory analyze the potentially moderating effects of
mathematical self-efficacy and concentration difficulty on the effect of distributed practice.
These models are based on recursive binary partitioning and can be used to exploratory
detect relationships between a dependent and multiple independent variables which can be
measured on different scales. Basically, the model first checks globally whether the null
hypothesis (i.e., that the dependent variable is independent from all tested independent
variables) can be rejected. If this is the case, the independent variable with the strongest
association to the dependent variable is selected. Based on the selected independent
variable, the observations are split into two groups with the criterion to minimize the p-
value. The results are two different subsamples — distinguished based on the selected
independent variable — that show maximally different distributions of the dependent
variable. This process is repeated for each resulting subsample until the null hypothesis of
independence cannot be rejected any longer.

The conditional inference tree models were calculated for each test time separately.
Each of the models estimated for the presented study included the practice condition and
the potential moderators (i.e., mathematical self-efficacy and self-rated concentration
difficulty) as independent variables, and the respective test performance as dependent
variable. The two learner characteristics revealed in none of the two tests a significant
interaction effect with the practice condition.

Two additional conditional inference tree models were calculated (again, one for
each test time) to investigate whether the effect of distributed practice depends on the
initial performance level, as results by Hirsch et al. (1982) and Saxon (1982) suggested. In
these models, practice condition and performance in the first practice set served as
independent variables and the respective test performance as dependent variable. These
analyses revealed that in the second test, conducted six weeks after the last practice
session, distributed practicing students performed better than massed practicing students in
particular if their performance in the first practice set was in a medium score range (i.e.,
between 3 and 7 points out of 9.5 points, s. Figure 2). In the low or high score ranges, the
test performance was rather independent from the practice condition, indicating that the
effect that was supported by the Bayesian regression model above may be mainly due to
the students in a medium performance range. This interaction did not appear for the first

test.
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Figure 3. Interaction between students’ performance in the first practice phase and learning
condition concerning their long-term test performance (i.e., six weeks after the last practice
session).

Discussion

Despite the strong empirical indicators that suggest a positive effect of distributed
practice on the long-term memory of verbal content (e.g., Cepeda et al., 2006), little is
known about the effect of distributed practice on the learning of mathematics. Though few
studies found positive effects of distributed practice using mathematical content (e.g.,
Rohrer & Taylor, 2006, 2007; Schutte et al., 2015; Barzagar Nazari & Ebersbach, 2018),
the question if and how distributed practice affects performance in more complex domains
like procedural mathematical learning still lacks sufficient empirical support.

In the current study, the effect of distributed practice with feedback on
mathematical learning was examined in seventh grade. Contrary to the central hypotheses
and the results by Barzagar Nazari and Ebersbach (2018), there was no evidence for a
positive effect of distributed practice compared to massed practice on the intermediate
performance of the students, tested two weeks after practice. However, regarding the long-
term performance tested six weeks after the last practice session, strong evidence for a
positive effect of distributed practice was revealed. The latter finding is similar to the one
reported by Barzagar Nazari and Ebersbach (2018). Though it is theoretically assumed that
the effect of distributed practice emerges especially in the long term, it is not clear why
there was no empirical evidence for a positive effect two weeks after the last practice set in

the present study. Most of the previous studies only investigated the effect of distributed
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with similar retention intervals of up to one or two weeks and still found positive effects of
distributed practice. Perhaps, feedback boosted the performance in both conditions so that
the performance was still similar after two weeks, overshadowing the effect of practice
condition that became apparent only in the long term. Future studies should try to
implement distributed practice of complex material with feedback with a greater variance
of retention intervals to further investigate its effect.

Initial exploratory analyses did not indicate any moderating effects of mathematical
self-efficacy or concentration difficulty on the effectivity of distributed practice. However,
further exploratory analyses suggested that the positive effect of distributed practice in the
second test may be largely ascribed to an effect for students in the medium performance
range (i.e., between 3 and 7 points out of 9.5 points in the first practice set). Among these
students, those who practiced distributed performed significantly better in the long-term
performance test after six weeks than those who practiced in a massed fashion. For
students in the very low or very high performance range, no such pattern was revealed.

These results, though exploratory, are interesting because they suggest that
regarding mathematical learning there might be subgroups of learners whose performance
is rather unaffected by the distributed or massed practice strategy, possibly because they
are either not able to grasp the underlying concept at all (i.e., the low performance group)
or because they grasp it that quickly that the practice strategy does not matter, too (i.e., the
high-performance group). In each case, the performance is relatively stable and
independent from practice, and hence independent from the practice strategy. It is only the
students in the medium performance range who might benefit from distributed practice.
Interestingly, the aforementioned studies examining the effect of mixed review of
mathematical homework by Hirsch et al. (1982) and Saxon (1982) point into a similar
direction since the authors found that low to medium performing students profited more
from distributed (and interleaved) practice than high performing students. More studies on
distributed practice of mathematical content should be conducted to further investigate the
relationship between ability and the effect of the practice strategy.

Another issue raised in the current study is whether distributed practice is in fact a
difficulty for learners, as assumed for instance by Bjork (1994). Descriptively, there
seemed to be no differences concerning the practice performance of massed and distributed
practicing students in the present study (see Table 2). Additionally, Bayesian t-tests did not
indicate that the perceived difficulty of the practice and test sets differed between the

conditions at all. However, indicators that distributed practice is regarded as effortful
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strategy by learners is reflected by the fact that the majority of students does not think that
it is an effective study strategy (McCabe, 2011) and therefore tends to resort to massed
practice and devote their time for learning on the two days prior to the test (Hartwig &
Dunlosky, 2011; Taraban, Maki, & Rynearson, 1999). Thus, students show hardly any
insights into the actual benefit of distributed practice and feel more confident with massed
practice (Bjork et al., 2013; Kornell, 2009). Studies like the present one may serve to
undeceive learners and teachers about the effectivity of distributed practice for learning in
school.

One potential limitation of the current study concerns the deviations from the
scheduled procedure for a subsample of students who were tested late. However, it should
be noted that these deviations mostly concerned the second test, originally scheduled six
weeks after the last practice. The fact that 16 of the distributed practicing students were
tested one week later should not have influenced the results markedly.

Additionally, as in the previous study by Barzagar Nazari and Ebersbach (2018),
only one specific topic was covered in the current study and generalizations concerning
other topics based on this study should be drawn with caution. The topic stochastics was
picked for different reasons. First, the topic is part of the curriculum for Grade 7, but
regularly covered at the end of the school year or not at all. That is, with this topic the
chance was high to find enough courses who had not already covered the topic at the
beginning of the study period. Second, stochastics as a mathematical topic is relatively
independent from other domains such as analysis or geometry. That is, the courses were
roughly comparable in this specific topic as their performance was hardly influenced by
the topics covered in the regular mathematics class before the start of the study. Third, the
goal was to expand the results of the previous study on the same topic, so roughly the same
material was used. Nevertheless, research on distributed practice with mathematical
content would benefit from more studies using a broader range of material.

Conclusions

The current study contributes to answer the question why and under which
circumstances distributed practice proves a useful learning strategy in realistic learning
contexts, even beyond learning of rather simple verbal content. We argue that while the
effect of distributed practice emerges for roughly all learners if simple verbal content or
mathematical routines are practiced (Carpenter et al., 2012; Rohrer & Taylor, 2006, 2007),
the effect of distributed practice on learning of more complex content, like the acquisition

and application of more advanced mathematical procedures as in the present study, might
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especially be effective for students in the medium performance range (see also Hirsch et
al., 1982; Saxon, 1982). These assumptions, however, are based on exploratory analyses
and need further empirical confirmation. In sum, distributed practice remains a promising
learning strategy and more studies on a broad range of content and learners could help to

deepen our understanding of when and why it works.
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Appendix A. Exercise examples
Note: The complete material is provided in German language online

(https://osf.i0/d542q/?view only=7896190d809140d08b777fba6d564454).

Each practice set consisted of three exercises similar to the following:

Exercise 1

Class 8a draws by lot which student has to start with the poem presentation. The teacher
writes all the names of the 27 students on little notes. Afterwards he draws one blindly.
What are the chances for Lisa to go first?

AnSwer: _ _ _ o _____.

Exercise 2

Drawing one card out of a deck with 52 cards, how high is the probability to...

a) ...draw one of the four jacks? Answer: _ _ _ _ _ _ _ _ ___ _____________.

b) ...draw one of the two red queens? Answer: __ _ _ _ _ _ _ __ ______________.
c) ...draw one of the 13 cards of hearts? Answer: _ _ _ _ _ _ _ _ _ __ _____________.
Exercise 3

There are 80 apples in one basket. 12 of them are unripe, 8 contain a worm. Label the
missing pieces of the tree diagram and determine the probability of grabbing an apple with

flaws (containing a worm or unripe).

Field 2
apple unripe [
Field 1 Field 3

Field 4

apple withoutflaws | [ |

in sum [: possibilities

Field 2:

Field 3:
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Probability of grabbing an apple with flaws

(unripe or containing a worm):

74



CHAPTER III: Study 2

Appendix B. Exclusion procedure

There were several deviations from the scheduled procedure that led to the
exclusion of one course. In one school the teacher forgot the last session of the distributed
practicing students and a new appointment had to be arranged. This led to a one week
longer second test interval for 16 students. That is, instead of six weeks, they were tested
seven weeks after the last practice session. In addition, in another school there was a
complete course with 27 students whose long-term performance was tested seven and nine
days too early (i.e., massed and distributed condition, respectively) due to the summer
holidays.

The first deviation of being tested one week too late concerned only students of the
distributed practice condition. Keeping these students in the sample poses the risk to
underestimate the expected effect of distributed practice as they might have forgotten more
of the practiced contents than the regularly tested students. However, for the sake of a
larger sample and more balanced group sizes we decided to leave the respective group in
the analyzed sample. In contrast, additionally including the students tested too early would
have caused a broad range in long-term test lags (between 33 days after the last practice set
for the early tested distributed group and 49 days for the late tested distributed group).
Because we wanted to reduce the variance in test lags and were especially interested in
long-term performance, we decided to remove the early tested students and to maintain the
group of distributed practicing students who were tested one week late.

By removing the early tested students, the lag between the last practice and the
long-term performance test was between the scheduled six weeks and seven weeks for the
16 distributed practice condition students being tested especially late. Additionally, five
students of the massed practice condition were tested two days too late due to other school

activities. They were included, too.
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Abstract

With distributed practice, a fixed learning duration is spread over several sessions,
whereas with massed practice, the same time is spent learning in one uninterrupted session.
Numerous studies have proven distributed practice to be an effective tool for improving
long-term retention of verbal material. For simple procedural knowledge in mathematics,
distributed practice seems to be a promising learning strategy as well, at least when the
practice schedule is externally guided. The purpose of the present study was to investigate
distributed mathematical practice in the context of self-regulated learning in high school.
In total, 158 students were invited to participate. In a preliminary phase, motivational and
cognitive characteristics of the students were assessed. Afterwards, the students were
introduced to basic statistics, a topic of their regular curriculum. At the end of the
introduction, the students could sign up for the study to further practice this content.
Eighty-seven students did so and were randomly assigned either to the distributed or to the
massed practice condition. In the distributed practice condition, they received three
practice sets on three different days. In the massed practice condition, they received the
same three sets, but all on one day. All exercises were worked in the context of self-
regulated learning at home. Performance was tested two weeks after the last practice set.
Only 44 students finished the study, which hampered the analysis of the effect of
distributed practice. To examine the individual characteristics of the students who
completed the exercises in the context of their self-regulated learning, exploratory analyses
were conducted. The proportion of students who finished all exercises was significantly
higher in the massed than in the distributed practice condition, suggesting particular
difficulties in the latter condition. Within the distributed practice condition, a significantly
larger proportion of female students completed the exercises compared to male students.
Additionally, among these female students, a larger proportion showed lower concentration
difficulty. No such differential effects were revealed in the massed practice condition,
indicating that when implementing distributed practice in self-regulated learning,

individual learner characteristics are particularly important.
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Introduction

Teachers at school and university should generally be interested in learning
techniques that promote long-term retention of the learned contents. The reason for this is
that most topics taught in school or at university are rather complex and many advanced
topics rely — sometimes more, sometimes less so — on prior knowledge. In mathematics, for
example, in order to grasp stochastics, solid knowledge of fractional arithmetic is helpful.
That is why in most cases it is important to use learning strategies that help to store
knowledge in a way that facilitates long-term retention, rather than learning strategies that
result in knowledge that can be retrieved only for a short period after it was taught and
acquired.

One branch of learning strategies that promote long-term retention is based on so-
called desirable difficulties (Bjork, 1994). Desirable difficulties are mechanisms that slow
down the learning process and make it harder for the learner, but boost long-term
performance. Learning strategies that make use of these desirable difficulties are, among
others, the generation of (part of) the content that has to be learned (McDaniel, Waddill, &
Einstein, 1988), (self-)testing as part of the learning process (Karpicke & Roediger III,
2008), the interleaving of similar but not identical topics during the learning process
(Rohrer, 2012), and the spacing of a given learning time across more than one learning
session, which is also called distributed practice (Cepeda, Pashler, Vul, Wixted, & Rohrer,
2006).

Most of these learning strategies have been studied extensively in the laboratory
and are known to result in robust and strong performance improvements as compared to
the respective control conditions (Adesope, Trevisan, & Sundararajan, 2017; Bertsch,
Pesta, Wiscott, & McDaniel, 2007; Brunmair & Richter, 2018; Rohrer, 2012; Rowland,
2014). However, less is known about the effects of these strategies in real learning contexts
because field studies are relatively rare so far. Moreover, it is still an open question to
which degree learning strategies related to desirable difficulties are used in the context of
self-regulated learning and which learner characteristics are associated with their use. The
present study addresses this question by examining the effect of distributed practice as a
learning strategy in a real learning context involving self-regulated mathematical learning
of high school students.

Distributed practice in mathematical learning and in school
Distributed practice means that a given learning or practice duration is distributed

across more than one learning session, whereas in massed learning, the same time is spent
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in one learning session only (Carpenter, Cepeda, Rohrer, Kang, & Pashler, 2012). The
effect of distributed practice has been explored for decades in numerous studies, which
suggest robust and large effects on long-term performance in particular, as compared to
massed practice (Cepeda et al., 2006). The effect of distributed practice has been
demonstrated under a great range of circumstances: with different materials (e.g.,
Carpenter et al., 2012), in different age groups (e.g., Toppino, Kasserman, & Mracek,
1991), and using different lags between the learning sessions (e.g., Cepeda et al., 2009).

However, there are still contexts and conditions that have been considered less so
far. These include the effect of distributed practice on mathematical learning in general
and, in particular, mathematical learning in school. An exception are the studies by Rohrer
and Taylor (2006, 2007) on distributed practice of mathematical procedures in college. The
students in these studies practiced permutation problems either massed in one session or
distributed across two sessions with a lag of seven days. The number of problems that were
practiced and the total practice time were the same in each condition, yet students of the
distributed practice condition outperformed students of the massed practice condition one
week after practice (Rohrer & Taylor, 2007) as well as four weeks after practice (Rohrer &
Taylor, 2006). Although in these studies the effect of distributed practice was investigated
with material other than wordlists — which were often used in the classical studies (e.g.,
Cepeda et al., 2006) — the learning material was still rather narrow in content (i.e., the
application of only one specific formula was practiced) and not very complex (i.e., the
correct procedure was learned by heart and not explained to the participants).

Another branch of studies investigated a combination of interleaved and distributed
practice, termed “mixed review”, in school (Saxon, 1982; Yazdani & Zebrowski, 2006)
and in college (Hirsch, Kapoor, & Laing, 1982). This means that in every practice
situation, all topics that have previously been taught are practiced and not only the topic
that was just covered. Thereby, practice is distributed across several sessions, and different
topics are covered in an interleaved (but accumulating) manner. Mixing exercises on
current and previous topics improved performance more than only reviewing the most
recent topic in each session (for a review on “mixed review” in mathematical learning, see
Rohrer, 2009). In addition, Hirsch et al. (1982) and Saxon (1982) found that the positive
effect on mathematics performance was particularly large for students in lower to medium
performance ranges.

Only few studies have investigated the isolated effect of distributed practice on

mathematics learning in school: Schutte et al. (2015) asked third graders to practice basic
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addition problems four minutes each day for nearly three weeks. Students who distributed
their four minutes practice time across the day (1-minute practice session four times a day
or 2-minutes practice sessions two times a day) outperformed students who practiced
massed each day for four minutes. However, because all students practiced each day for
nearly three weeks, even those of the “massed practice” condition where technically
practicing in a distributed manner. In another study by Chen, Castro-Alonso, Paas, &
Sweller (2017), students of Grades 4 and 5 practiced different mathematical topics of their
regular curriculum either massed in one session or distributed across three sessions on
three consecutive days. The results indicated that distributing practice across three days
significantly improved performance as compared to one massed practice session. However,
generalizations based on these results are limited because the lag between the last practice
session and the test was not the same for distributed and massed practicing students.
Furthermore, in a study by Barzagar Nazari and Ebersbach (2018a), strong evidence for a
positive effect of distributed practice one week after the last practice session was found for
third graders who practiced semi-formal multiplication in three sessions distributed across
three consecutive days, as compared to students who worked the same number of practice
exercises massed in one session. Five weeks later, however, this effect disappeared. The
reason for this vanishing effect might have been that between the test sessions the students
practiced content that was related to the study topic in their regular classes, thereby
obliterating differences between the practice conditions. In a similar study conducted in
Grade 7 with students practicing stochastics, a topic that is more dissociated from other
mathematical topics, evidence for a strong effect of practice condition on the final
performance was revealed, both one and six weeks after the last practice session (Barzagar
Nazari & Ebersbach, 2018a). In another study comparing the effects of distributed and
massed practice of stochastics exercises that was conducted in Grade 7, no evidence for an
effect of practice condition was found in the first test two weeks after the last practice.
However, a later test conducted six weeks after the last practice again revealed strong
evidence for a positive effect of distributed practice (Barzagar Nazari & Ebersbach,
2018b). An additional, exploratory result of this second study in Grade 7 indicated that the
positive effect of distributed practice occurs especially for students in the medium
performance range (similar to the results of Hirsch et al., 1982, and Saxon, 1982).

In sum, although only few studies have investigated the isolated effect of
distributed practice on mathematics learning in school, most findings suggest a positive

impact. However, in previous studies, sessions including distributed practice were highly
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structured by the experimenters or teachers and took place solely in the classroom. In real-
world learning settings, especially older students at school and students at university have
to do a lot of learning and practice outside the classroom in a more self-regulated manner.
The aim of the present study was to investigate whether distributed practice can also be
implemented using online exercises in order to improve mathematical performance in a
real-world learning context, in which practice relies more heavily on self-regulation. In
addition, we examined which learners actually followed the distributed practice schedule.
Differential effects of distributed practice

One question that has hardly been investigated in studies examining the effects of
desirable difficulties in general, and of distributed practice in particular, is whether all
learners profit from such learning strategies in a similar way or whether individual
differences moderate the effectivity of distributed practice (Delaney, Verkoeijen, &
Spirgel, 2010). However, this is a central question in order to decide whether distributed
practice can be recommended in general for educational contexts or only for particular
contexts or learners. Previous studies described earlier showed larger effects of distributed
practice for students with low or medium prior knowledge (Hirsch et al., 1982; Saxon,
1982; Barzagar Nazari & Ebersbach, 2018b). In the two previous studies by Barzagar
Nazari and Ebersbach (2018a, 2018b), several other motivational (e.g., mathematical self-
efficacy) and cognitive learner characteristics (e.g., concentration difficulty) were also
considered as potential moderators of the effect of distributed practice. Except for the
abovementioned baseline performance, no interactions with the effect of distributed
practice on test performance were found. However, the sample sizes in these studies might
have been too small to reveal moderator effects.

As noted previously, most of the aforementioned studies employed a highly
teacher-guided practice procedure. In a more self-regulated learning scenario, the question
of whether and how individual learner characteristics affect the use and effectivity of
distributed practice actually becomes even more important: Individual motivational and
cognitive characteristics could not only affect the effect of distributed practice on final test
performance, but also determine if and how the students follow the respective practice
schedule. Distributed practice requires learners to repeatedly engage with a topic or
procedure, which may be difficult to retrieve given the temporal delay between learning
sessions. In fact, this is why distributed practice is related to desirable difficulties: It is
assumed that the lags between practice sessions make the learning process more difficult,

which in turn should improve long-term retention. Learners with low mathematical self-
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efficacy, however, could suffer from this additional difficulty and decide to stop to engage
mentally or in practice with the topic (Zimmerman, 1995). That is, the effect of distributed
practice and/or the amount of practice may be smaller for learners with low mathematical
self-efficacy. A similar reasoning can be applied to performance avoidance goals (Dalbert
& Radant, 2008; Elliot, 1999), because students who have problems coping with their
mistakes may have relatively more problems with distributed practice, given that the
distributed practice schedule initially increases the number of mistakes. Concerning work
avoidance (Nicholls, Cobb, Wood, Yackel, & Patashnick, 1990) different scenarios are
possible: On the one hand, massed practice requires students to work for a longer duration
at a time, which might be disfavored by students with high work avoidance. On the other
hand, in distributed practice students have to repeatedly bring themselves to start working,
which might also be hard for students high in work avoidance. That is, work avoidance
possibly could influence the effect of distributed practice and/or adherence to the practice
schedule in different ways. Students with low concentration ability, however, might
particularly benefit from distributed practice, as the distributed sessions are shorter than
one massed session and hence requires the students to concentrate for a shorter duration at
a time. Because there is currently only little prior research on the effects of (mathematical)
self-efficacy, performance avoidance goals, work avoidance, and concentration difficulty
on the efficacy of distributed practice, the interactions of these four characteristics with the
distributed practice condition will be investigated in exploratory analyses, with a focus on
the students’ adherence to the practice schedule within their self-regulated learning'.
Research question and hypotheses

The objectives of the present study were to investigate distributed practice in a real
learning context including a relatively high degree of self-regulated learning. The main
questions were whether distributed practice is used reliably by learners, and which learner
characteristics promote (or hinder) its use. The sample consisted of high school students,
and the material was relevant for their mathematics curriculum. We expected that
distributed practice might not consistently be applied by the students in the context of their
self-regulated learning (see also Dunlosky, Rawson, Marsh, Nathan, & Willingham, 2013

! Originally, another main purpose of the present study was to investigate the effect of the practice condition
on the test performance and possible interactions with the mentioned characteristics. However, as the study
suffered a severe dropout, the final sample was too small to examine interaction effects on the test
performance. Therefore, the exploratory analyses are limited to the dependent variables of participation and
adherence to the practice schedule (see Results).
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for similar findings for adults). In addition, individual learner characteristics that might

have affected the implementation of distributed practice were analyzed exploratory.
Method

Participants

In total, 158 students of eight courses from Grades 10 and 11 (first year of senior
classes), attending three schools, were requested to participate in the current study®. These
students were enrolled either in regular math courses or in intensive math courses,
depending on their own choice. All schools were located around a medium-sized German
city in neighborhoods with inhabitants of a medium socio-economic status. Participation
was voluntary and could be terminated at any time. Only students who had written consent
from their parents could participate. They were told that they would receive 10 Euro if they
completed the study. Signing up for the study required providing an e-mail address,
because the experimental part of the study took place online. Of the 87 students who
signed up (40 female, 47 male; 58 of regular math courses, 29 of intensive math courses;
Mee = 16 years 5 months, age range: 15-17 years), 43 terminated their participation ahead
of time, and only 44 students finished it completely (25 female, 19 male; Mg = 16 years 6
months, age range: 15-17 years).

Design

The independent variable was practice condition with two between-subjects levels:
One group of students worked the exercises massed in one session and the other group
worked the same exercises distributed across three sessions. Both conditions worked a total
number of twelve practice exercises (three sets a four exercises). An expanding interval
schedule was used for the practice sessions of the students in the distributed practice
condition (see Procedure; Kiipper-Tetzel, Kapler, & Wiseheart, 2014). The dependent
variable was test performance, assessed two weeks after completing the last practice
exercise.

Of the 87 students who initially signed up, 49 were assigned to the distributed
practice condition (25 female, 24 male; M. = 16 years 5 months, age range: 15-17 years)
and 38 were assigned to the massed practice condition (15 female, 23 male; Muee = 16
years 6 months, age range: 15-17 years). A slightly larger proportion of students was

assigned to distributed practice as we expected a larger dropout in this condition. To ensure

2 This study was carried out in accordance with the recommendations of the ethics committee of the Faculty
of Human Sciences of the University of Kassel and with written informed consent from all legal guardians of
the subjects in accordance with the Declaration of Helsinki.
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that the overall math performance level was roughly equal in both practice condition
groups before the manipulation, students who signed up for the study were ranked by their
most recent mathematics grade and then, within each class and grade level, randomly
assigned to one of the two practice conditions. In order to minimize potential effects of
class, the ratio of massed and distributed practicing students was similar in each class. As
mentioned above, in total only 44 students completed the study (i.e., 17 distributed
practicing students with a median math grade of 2.0 and 27 massed practicing students
with a median math grade of 2.3%).

Additionally, a questionnaire assessing some motivational and cognitive
characteristics of the students (see Table 1 for information on the scales and their reliability
based on our data) was included. Finally, each time after students had finished an exercise,
they were asked to rate how difficult they considered the respective exercise. These
questions were included to examine if students of the distributed practice condition did in
fact perceive the exercises to be more difficult than students of the massed practice
condition and, thereby, if distributed practice proved to be a difficulty as perceived by the
learners.

Material

In the course of the experiment, the students were introduced to basic statistics by
student assistants with teaching experience, who were supervised by the authors. More
specifically, the students were taught the definition of variables and their manifestations,
the law of large numbers, the sum rule and the interpretation and creation of diagrams. The
topic of basic statistics is generally part of the following school year, thus, no class had
covered the topic in their current school year prior to the study. The lessons and practice
material were prepared with the support of didactics experts with teaching experience in
order to make the learning environment as realistic as possible. The complete material
(lesson scripts, practice and test sets, and the scoring scheme) is provided in German online
(https://osf.io/egtdj/?view only=5fb49869de0345618a3¢c9171c77992fe).

Each practice set for the students consisted of four exercises and involved
calculating absolute from relative frequencies, using the sum rule for probability
calculation, naming variables and values, and preparing calculations for a diagram. The

practice sets contained conceptually similar but not identical exercises, that is, solutions

3 In Germany, grades range from 1 (very good) to 6 (inadequate).
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could not be learned by heart. Each practice set could easily be finished in less than 30

minutes. An example of a practice set can be found in the Appendix.

Table 1

Instruments Used to Assess Potential Moderators

Motivational . e
characteristics Employed instrument Reliability
Mathematical self- 7 items of a German Academic Self-Efficacy Scale a=0.88

efficacy

Performance avoidance

goals

Work avoidance

for School Children (Jerusalem & Satow, 1999),

adapted to mathematics

(Sample item: “In math, I can solve even the difficult

problems if I try hard.”)

8-item German SELLMO (Spinath, Stiensmeier- a=0.86
Pelster, Schone, & Dickhduser, 2012), adapted to

mathematics

(Sample item: “In math, my main concern is to avoid

that the other students think that I am stupid.”)

8-item German SELLMO (Spinath et al., 2012), oa=0.85

adapted to mathematics

(Sample item: “In math, my main concern is not to

have any difficult tests or work.”)

Cognitive characteristic

Concentration

6 items of the German Learning Strategies in College  o.=0.92
— LIST (Boerner, Seeber, Keller, & Beinborn, 2005;
Wild & Schiefele, 1994)

(Sample item: “When I’m studying, I’'m easily
distracted.”)
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Procedure

The students were asked to work through all of the practice and test exercises that
followed the lecture at home; only the questionnaire and the lecture sessions at the
beginning of the study were completed at school. Practicing at home resembles real-world
learning settings because students usually have to do their homework outside the classroom
in a self-regulated manner. In order to avoid students being particularly prepared or relying
on help for the test at home, the test was announced as “further exercises”.

Prior testing and introductory lesson. Prior to the experimental manipulation, the
study started with a survey in school assessing students’ mathematical self-efficacy, self-
rated difficulty to concentrate, performance avoidance goals and work avoidance. The
questionnaire was programmed with LimeSurvey (Project Team / Schmitz, 2012) and
answered individually by the students on tablets that were provided by the survey team.
After the students had finished the questionnaire, they worked on a pretest on basic
statistics and probability calculation, assessing whether the prior knowledge of students
with regard to the study topic was comparable in all conditions. The survey and pretest
were followed by three 45 minutes regular lecture sessions, in which the students were
introduced to the topics specified above. The lecture sessions were spread over two or
three days within one week, depending on the schedule of the respective class. At the end
of the last lecture session, the students were told that, with their parents’ consent, they
could voluntarily participate in an online study on the lecture topic if they provided us with
an e-mail address, and that they would receive 10 Euro for the completion of the study.

Practice and testing. Between five and seven days after the last lesson, the
students received their first practice exercises, provided via a personalized link that was
sent by e-mail. The students were not allowed to keep the lesson material, that is, the
material was not available for the practice exercises. However, after a practice exercise
was completed, the correct solution was displayed on the screen. The test set was similar to
the practice sets, but no correct solutions were provided after test exercises. It was not
possible to go back to previous pages at any time. The practice and test sets were created
and distributed with the research tool formr (Arslan & Tata, 2017). In the massed practice
condition, the students received three practice sets on the first practice day. In the
distributed practice condition, the students received the same three practice sets, but only
one practice set on the first day of practice, the second practice set two days later, and the
third practice set another five days later (i.e., expanding interval schedule). After the

students had received each link, they had one and a half days to finish the exercises
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provided via that link. This relatively long period resembles classical homework settings
and was provided to ensure that the students had enough time to actually work the
exercises. However, checking the time spent on the exercises revealed that most students
completed the exercises within one day. Only few students opened the link on one day and
finished the exercises the next day, and even among these students, some may only have
clicked on the link without actually starting with the exercises on the first day. That is, the
probability that students of the massed practice condition distributed their exercises across
one and a half days instead of completing them in one day is negligibly small. Moreover,
this interval would still have been much shorter than the intervals between the practice sets
in the distributed practice condition. Retention performance was tested two weeks after the
last practice set was completed with exercises that were similar to the practice exercises.

Scoring. Each given answer (mostly numbers or single words) was either correct or
wrong, that is, no partial points were granted. For each practice and test set, the maximum
score was 15 points. Two raters scored the answers independently from each other
according to a predefined scheme. Afterwards, the scores of both raters were compared and
differences were discussed and most often resolved by these raters. To ensure that their
reliability was not due to the discussion, a third rater rated the answers independently as
well. The final ratings of the first two raters were nearly identical to the third (control) rater
(more than 98% identical scores). Therefore, the combined final scores of the two first
raters were analyzed.

Results

The data as well as the processing and analysis scripts are provided online
(https://osf.io/egtdj/?view only=5fb49869de0345618a3¢c9171c77992fe). Because of the
severe dropout in the course of the study (of 158 eligible students, only 44 finished the
study), analyses concerning the effect of practice condition on retention performance
turned out to be rather inappropriate: First, the remaining groups were rather small and not
of equal size, and second, there seemed to be a selection bias concerning the dropouts,
because the rate of completion was much higher in the massed practice condition (71%)
than in the distributed practice condition (35%). We nevertheless report the analysis
concerning the effect of practice condition for the sake of completeness, keeping in mind
these limitations and that the results should be interpreted with caution. We used a
Bayesian linear regression model to analyze the test performance, among other reasons
because of the particularly small resulting sample size. One advantage of Bayesian

modelling is that it provides a range of possible values for each estimated parameter and
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assigns probabilities to them, which facilitates interpretation especially when the results are
not conclusive in classical statistical modelling (Kruschke, 2015). The linear regression
model was estimated in R (R Core Team, 2016) using the package* brms (Biirkner, 2017).
Test performance served as dependent variable and practice condition (distributed vs.
massed practice) and performance in the first practice set (sum score) as independent
variables. No priors were specified, that is, an improper flat distribution over the reals was
used as prior distribution, which means that the results were highly data-driven and hardly
influenced by the priors (Biirkner, 2017). The model was checked for proper chain
conversion and autocorrelation, indicating no problems in this regard. The mean for the
posterior distribution for the effect of distributed was about -1. That is, the students of the
distributed practice condition were estimated to have a performance about 1 point (out of
15) lower than students of the massed practice condition (95% credible interval = -3.1 to
1.1). The evidence ratio of 0.13 confirms that a negative effect of distributed practice —
contrary to our hypothesis — is more likely than no effect or a positive effect (which would
be indicated by an evidence ratio of 1 or higher). According to Lee and Wagenmakers
(2013), this is moderate evidence for a negative effect of distributed practice — but, again,
these results have to be considered with caution.

As the main aim of the study was to investigate whether distributed practice works
in self-regulated learning, subsequently exploratory analyses were conducted to examine
which students completed the exercises in the context of their self-regulated learning.
These analyses address two other questions that are important when implementing
distributed practice in school, besides its general effect: (a) Which students are in general
willing to invest additional effort into their mathematics learning by signing up for such a
study, and, more specifically, (b) which students actually complete the distributed practice
condition? On that account, conditional inference tree models were calculated (Hothorn,
Hornik, & Zeileis, 2015). These models can be assigned to exploratory data mining, which
has been frequently used in social and behavioral science (e.g. Salis, Kliem, & O’Leary,
2014; for an overview, see McArdle & Ritschard, 2013), and are useful for exploratory
data analyses when there are no specific expectations regarding the relationship between a

dependent variable and one or more independent variables. In addition, previous problems

4 Further R-packages we used for data preparation and analysis were (in alphabetical order): BayesFactor
(Morey & Rouder, 2015), partykit (Hothorn & Zeileis, 2015), psych (Revelle, 2016), rstan (Stan
Development Team, 2018), and tidyverse (Wickham, 2017).
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of overfitting and biases on the variable selection have been overcome in the current
models (Hothorn, Hornik, & Zeileis, 2006; Strobl, Malley, & Tutz, 2009).

Conditional inference tree models seek to identify independent variables that can be
used to split up the respective sample into groups that are maximally different with regard
to the dependent variable (e.g., test performance score or participation in the study). This is
accomplished by recursive binary partitioning: First, the model checks if the distribution of
the dependent variable is unrelated to all independent variables. If this null hypothesis can
be rejected, the model selects the independent variable that has the strongest relationship
with the dependent variable (e.g., work avoidance). The sample then is split into two
groups, based on the selected independent variable, in a way that minimizes the p-value.
The resulting two groups (in the example, these could be participants with average or
above-average work avoidance and participants with below-average work avoidance) show
maximally different distributions of the dependent variable (i.e., low and high test
performance). This process is then reiterated for each of the resulting subgroups until the
null hypothesis in the first step cannot be rejected any longer.

Because participation in the current study was voluntary, a first conditional
inference tree model was performed with the enrollment in the study as dependent variable
(two levels: enrolled versus not enrolled in the study) in order to investigate which students
were willing at all to enhance their math performance in the context of this study. As
independent variables, the most recent math grade, the level of the attended math course
(two levels: intensive math course versus regular math course), gender, and the cognitive
and motivational characteristics listed above were included. The resulting conditional
inference tree revealed that the sample could be divided into two groups, depending on
whether their initial math grade was equal to/above average or below average (the median
of the math grades was 2.7 on a scale from 1: very good, to 6: inadequate). A significantly
larger proportion of students with better math grades signed up for the study, compared to
students with lower math grades (p < 0.001, see also Figure 1). None of the other cognitive

and motivational variables predicted students’ enrollment in the study.
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Figure 1. Proportion of students who enrolled in the study, separated by the level of their
last math grade.

A second conditional inference tree model was performed with the completion of
the study as dependent variable (two levels: study not completed versus study completed)
because much less students completed the study than initially enrolled in the study. The
independent variables were the same as in the first model, with two additional variables:
condition (two levels, massed practice versus distributed practice) and performance in the
first practice set (baseline performance, sum score). Both of these variables were irrelevant
at the time of enrollment, because at that point the students were not yet assigned to a
practice condition and had not yet completed a practice set (that is, these variables only
apply to those who enrolled in the study). For this reason, these two variables were only
included in the second model. The resulting conditional inference tree confirmed that the
proportion of students who completed all practice sets and the test was significantly larger
in the massed practice condition than in the distributed practice condition (p = 0.007).
Additionally, within the distributed practice condition, a significantly larger proportion of
female students completed the exercises compared to male students (p = 0.001). For the
female students within the distributed practice condition, concentration difficulty had a
significant impact on the completion of the study, with a significantly larger proportion of
female students with lower concentration difficulty having completed all sets than female
students with higher concentration difficulty (p = 0.009, see also Figure 2). No such

differential effects were revealed in the massed practice condition or for male students.

96



CHAPTER IV: Study 3

None of the other cognitive and motivational variables predicted students’ completion of

the study.
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Figure 2. Proportion of students who finished the study, of those who initially enrolled,

separated by the statistically relevant variables.

Finally, the mean perceived practice difficulty regarding the practice sets was
analyzed using Bayesian t-tests, in order to determine whether distributed practice was
experienced as being more difficult than massed practice. However, no evidence for
differences between the conditions regarding the perceived difficulty was revealed for any
of the practice sets or the test.

Discussion

One of the main purposes of the present study was to investigate the effect of
distributed practice on the mathematical performance of high school students using
curriculum-relevant material. However, due to a severe dropout rate over the course of the
study as a consequence of the study relying on self-regulated-learning, the effect of
practice condition on final test performance has a low validity. In the sample that could be
analyzed, however, the effect of practice condition unexpectedly indicated a negative
effect of distributed practice as compared to massed practice. The main focus, then, was on
exploratory analyses that were performed to identify factors that contributed to the
students’ participation in the study and completion of the study exercises. This is especially

important with regard to self-regulated learning, as these factors can give insight into the
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question of whether students are willing to implement distributed practice in their own
learning schedule and, more specifically, which students are willing to do so.

These exploratory analyses revealed some interesting results. First of all, the
proportion of students who finished the study was significantly higher in the massed
practice condition than in the distributed practice condition. Furthermore, within the
distributed practice condition, additional differential effects were found: The proportion of
students who finished their exercises was significantly higher among female students than
among male students. In addition, within female students who practiced in a distributed
manner, the proportion of students who finished the study was significantly higher for girls
with low concentration difficulty than for girls with high concentration difficulty. None of
these differential effects were found for the massed practice condition. That is, not only did
the students complete their exercises more often in the massed practice condition, but for
the distributed practicing students, personal characteristics had an additional influence on
the completion of the exercises. Taken together, these results imply that distributed
practice in self-regulated learning, contrary to massed practice, favors specific students in
terms of their willingness to realize this strategy, while others are at a disadvantage.
Finally, the perceived difficulty of the exercises was compared between the groups, but
there was no difference regarding the difficulty judgments between the distributed and
massed practicing students.

Despite the exploratory character of the present results, the differential effects on
exercise completion — which were found only within the distributed practice condition —
are relevant when implementing distributed practice in school learning. The observed
differences between the massed and distributed practice conditions concerning the effects
of individual characteristics on the completion of the exercises could be explained by
different challenges posed by massed and distributed practice. In contrast to massed
practice, with distributed practice the students have to actively decide to resume working
on the exercises on multiple occasions, instead of being able to just continue working. That
is, action has to be initiated more often in distributed practice than in massed practice,
potentially resulting in a higher influence of personal characteristics related to study
management on the completion of the exercises (Achtziger & Gollwitzer, 2009, 2007;
Gollwitzer, Heckhausen, & Ratajczak, 1990). Ultimately, this higher challenge could then
lead to fewer completed exercises in the distributed practice condition as shown by our
results. The relevant individual factors observed in the present study were gender and

concentration difficulty. What might stimulate girls in particular to follow a distributed
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practice schedule? One reason could be that girls presumably possess better self-discipline
and self-regulation ability than boys, which is necessary to repeatedly initiate the
distributed practice process in self-regulated learning (Duckworth & Seligman, 2006;
Martin, 2011; Weis, Heikamp, & Trommsdorff, 2013). In this regard, perseverance and the
willingness to invest mental effort might be other promising variables that could explain
which students employ distributed practice on a self-regulated basis. In fact, females
outperform males on these and other related motivational variables (Neigel, Behairy, &
Szalma, 2017).

The finding that among females, lower concentration difficulty was associated with
a greater success at completing distributed practice tasks contradicts the assumption that
learners with poor concentration ability might profit from distribution. However,
concentration ability is associated with a higher engagement in learning in general
(Newmann, 1992; Skinner & Belmont, 1993) and might therefore support these females to
complete the distributed practice sessions.

The analyses of the perceived difficulty of the practice and test sets provided no
evidence for the fact that the perceived difficulty differed between massed and distributed
practicing students. However, it should be noted that the students did not explicitly rate the
difficulty of the practice strategy but only the difficulty of the exercises. The students were
not able to directly compare the alternative practice strategies and, thus, could not rate the
relative but only the absolute difficulty. Especially because the exercises generally were
not perceived as particularly difficult, potential differences could have been minimized.
Additionally, the lack of a meaningful difference could also be due to prior self-selection,
because students who perceived the exercises as particularly difficult may have stopped
working on them in the course of the study. That is, the question of whether distributed
practice is in fact perceived as more difficult than massed practice should ideally be
investigated in studies with a within-subjects design.

Limitations

First of all, the main results of the present study are rather exploratory and hence
should be verified by further studies. The question of whether distributed practice
generally improves performance in mathematics compared to massed practice, however,
should be investigated in studies with less emphasis on self-regulated learning in order to
maintain sufficient sample sizes and reduce potential selection bias. Additionally, though
the topics were picked from the regular curriculum and hence were generally relevant for

the students, their performance in our study did not influence their math grades and was

99



CHAPTER IV: Study 3

not even shared with the teacher. This could have negatively impacted the motivation to
participate in and complete the study. Ideally, in future studies on distributed practice in a
self-regulated learning context, the personal relevance of the learned content should be
increased compared to the current study — for example, by grading the performance.
Finally, the students worked on the exercises at home, that is, the context and state in
which the students participated in the study was barely controlled. However, this limitation
should apply to both conditions equally and is no explanation for the differences between
practice conditions.

Conclusions and prospects

One of the original questions of this study — whether distributed practice improves
performance in mathematical learning in high school — can hardly be answered based on
the present study. The moderate evidence for a negative effect of distributed practice
should not be overemphasized due to a high likelihood of self-selection in the course of the
study. As long as there is no further empirical confirmation of this unusual result, the
general assumption that distributed practice improves performance in later tests compared
to massed practice (Carpenter et al., 2012), even with coherent mathematical material
(Rohrer & Taylor, 2006, 2007; Schutte et al., 2015), should be maintained. However, it
should be seriously questioned whether this advantage holds if students ultimately
complete less exercises under distributed practice conditions, as observed in the current
study. The main finding here was that — in contrast to massed practice — distributed
practice in semi-self-regulated learning (as the schedule was externally given and not
chosen by the students themselves) seems to favor students with particular characteristics:
in the current study, female students with lower concentration difficulty. Because self-
regulated learning plays an important role especially in high school and at university, these
differential effects concerning the application of distributed practice may be problematic if
they result in performance improvements of a particular group of students while
disfavoring others. Teachers may prefer strategies that improve the performance of all
students equally. Therefore, it is vital to know whether and which learners are capable of
successfully implementing distributed practice into their own learning schedule.

In future research it should be investigated if the implications of the exploratory
results of this study can be replicated and whether and how students can be supported by
implementing distributed practice effectively in their self-regulated learning. A potential
measure to motivate students to keep on working even in the distributed practice schedule

could be to inform them prior to the practice phase about the positive effects of distributed
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practice. At least in completely self-regulated learning, Ariel and Karpicke (2018) could
show that informing students about the positive effect of distributed practice resulted in
higher use of this practice strategy. To sum up, assuming that distributed practice — when
implemented under external control — improves mathematical performance of learners, the
question of whether this advantage emerges only for a subgroup of learners under self-

regulated learning conditions is crucial and should be further investigated.
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Appendix. Exercise example
The complete material is provided in German online
(https://osf.10/egtdj/?view _only=5fb49869de0345618a3¢c9171c77992fe). Each exercise set

consisted of four exercises similar to the following.

Exercise 1 — Political Parties

The so called Sunday question (‘Sonntagsfrage’) is used to determine the political mood in
Germany. Last sunday, 1300 citizens answered the following question: ‘Which political
party would you vote for if there was an election next Sunday?*

How many citizens would vote for the ‘CDU’ and ‘Die Griinen’? How many citizens

would vote for the ‘AfD’?°

5%

14%

5%

12%

22%
m CDU SPD m GRUNE = Die LINKE
FDP AfD m Sonstige

Solution:

CDU: 1300/100 = 13 = 13 * 33 =429 voters

Die Griinen: 1300/100 =13 - 13 * 9= 117 voters
AfD: 1300/100 =13 - 13 * 14 = 182 voters

5 Note: In the experiment this chart was colored.
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Exercise 2 — Dices

The six sides of a quadratic cube are labeled with numbers from 1 to 6. The following
probabilities apply to the different sides:

P(1) =P(6) =0.07

P(2)=P(5)=0.13

P(3)=P4)=0.3

Calculate the probability for the following events if the dice is rolled once:

a) The dicerollsa 1 or a 6.

b) The dice rolls an even number.

c¢) The dicerollsa 3 or a 5.

Solution:

a) The dicerollsa 1 or a 6: P(1) + P(6) =0.07 + 0.07 = 0.14

b) The dice rolls an even number: P(2) + P(4) + P(6) =0.13 +0.3 +0.07=0.5
c) The dicerollsa3 ora5: P(3) +P(5)=0.3+0.13=0.43

Exercise 3 — Students I
In the winter term 2015/2016 there were 244.322 students enrolled in different types of

universities in Hessen. The distribution was as follows:

University 154274
Theological University 764
University of Arts - 1737
University of Applied Science 83411
University of Management 4136

Please indicate the sample, name the characteristic (variable) and the possible values.

Solution:

Sample: all students = 244322

Characteristic (variable): type of university

Values: University, Theological University, University of Arts, University of Applied

Science, University of Management
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Exercise 4 — Students 11

In the winter term 2015/2016 there were 244.322 students enrolled in different types of

universities in Hessen. The distribution was as follows:

University 154274
Theological University 764
University of Arts 1737
“University of Applied Science ¢ 83411
University of Management 4136

Calculate the missing relative frequencies and the angles for a pie chart:

University:

Theological University: 0.003
University of Arts: 0.007
University of Applied Science:

University of Management:

University:

Theological University: 1.08°
University of Arts: 2.52°
University of Applied Science:

University of Management:

Solution:

Relative frequencies:

University: 154274 /244322 = 0.63

Theological University: 0.003

University of Arts: 0.007

University of Applied Science: 83411 /244322 = 0.34
University of Management: 4136 / 244322 = 0.02

Angles:

University: 0.63 * 360 = 226.8°
Theological University: 1.08°
University of Arts: 2.52°
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University of Applied Science: 0.34 * 360 = 122.4°
University of Management: 0.02 * 360 = 7.2°
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1. Summary and discussion

Distributed practice is a promising learning strategy that, compared to massed
practice, is supposed to enhance processing during learning and improve retrieval skills —
the two important features of successful learning strategies (Bjork, 1994). A rich empirical
body exists on the positive effect of distributed practice on the retention of incoherent
verbal material. When isolated facts or word(-pair)s have to be memorized, it is usually of
advantage to spread the repetitions over several separated learning occasions compared to
learning the same duration or with the same number of repetitions without interruption
(Cepeda et al., 2006). However, less is known about the effect of distributed practice
within mathematical learning. Though in some studies the effect of distributed practice on
mathematical performance was investigated, different knowledge types were addressed
(conceptual and/or procedural knowledge; Rittle-Johnson & Schneider, 2015) and the
practiced content varied widely regarding the complexity (targeting different levels of
semantical understanding; Tietze, 1988). Additionally, it was only rarely investigated if
and how the effect of distributed practice emerges in real learning contexts, because only
in few studies distributed practice was implemented in schools or universities. The few
existing studies often did not include pure massed practice conditions or combined
distributed practice with other learning strategies, impeding reliable statements on the
effect of distributed practice compared to massed practice specifically (e.g., Chen et al.,
2017; Schutte et al., 2015). In the present dissertation I addressed some of these research
gaps by following the question if distributed practice can be used to improve the
mathematical performance of school students. Three studies were conducted that are
summarized shortly.

The research objective that was pursued with the first study, Distributing
mathematical practice of third and seventh graders.: Applicability of the spacing effect in
the classroom, was to investigate whether distributed practice generally improves the
performance of school students learning mathematics. Two experiments were conducted,
one in Grade 3 and one in Grade 7. The third graders practiced a semi-formal
multiplication method and the results provided clear evidence for a positive effect of
distributed practice compared to massed practice one week after the last practice session.
This positive effect, however, did not endure five weeks later, six weeks after the last
practice. The discussed reasons were that the students probably practiced related content

working on other mathematical topics, which may have diminished the differences
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between the two practice conditions in Grade 3. In Grade 7, the students practiced basic
stochastics and although the evidence was less strong, the positive effect of distributed
practice was more stable and similar performance differences between distributed and
massed practicing students were observed one and six weeks after the last practice.
However, the hypothesis that the positive effect of distributed practice would be even more
pronounced in the later test compared to the first test could not be confirmed in both grade
levels.

In the second study, Distributed practice in mathematics: Recommendable
especially for students on a medium performance level?, the results of the first study
should be substantiated. Additionally, it was investigated if the inclusion of feedback in
Grade 7 results in an overall better performance level and/or a larger effect of distributed
practice. Therefore, an experiment very similar to the second experiment of the first study
was conducted, where seventh graders learned and practiced basic stochastics. This time,
however, the students received a sample solution after each practice exercise. Additionally,
there was a small design change because an expanding interval schedule was applied for
the students of the distributed practice condition (two and five days between the practice
sessions instead of practice on three consecutive days). In the first test, which was
conducted two weeks after the last practice, surprisingly no evidence for an effect of
practice condition was revealed. It was not until the second test, six weeks after the last
practice, that strong evidence for a positive effect of distributed practice could be observed.
That is, this time the positive effect of distributed practice was, as originally expected,
especially pronounced in the long run. A possible explanation for the missing effect in the
first test may be that the provision of sample solutions improved the performance for
students of both conditions, which may have reduced the effect of the practice condition
intermediately. Finally, an important exploratory result of the second study was that the
positive effect of distributed practice was particularly large in the medium performance
range. In the lower and higher performance ranges, by contrast, the performance between
first practice and test remained rather stable. Because this relationship was only observed
exploratory, additional studies are needed to figure out if this was a random result or if it
can be confirmed that the positive effect of distributed practice on mathematical
performance especially emerges for medium performers.

Picking up the dimensions that were introduced in the beginning of this
dissertation, the exercises created for the first two studies targeted both conceptual and

procedural knowledge. The exercises in Grade 3 primarily targeted procedural knowledge,
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because the students repeatedly had to perform the several steps of the semi-formal
multiplication method (splitting up the multiplicands, multiplication of the splitted
numbers and addition of the results). In Grade 7, rather a mix of conceptual and procedural
knowledge was required (e.g., being able to calculate simple probabilities or draw tree
diagrams, but also correctly interpreting tree diagrams). Compared to most other studies on
distributed mathematical practice, the degree of semantical understanding involved in both
studies was relatively high: The content was thoroughly taught and explained prior to the
practice periods, and it was made sure that the respective procedures and solutions could
be understood. In most cases, simply memorizing the correct procedure or solution would
have been sufficient to correctly solve the tasks. However, like in real-world mathematics
education, the students were provided with enough background information to be able to
really grasp the underlying concepts and hence improve semantical understanding.

Encouragingly, even in this setting the collected evidence of the first two studies
generally supported the results known from classical laboratory studies on the effect of
distributed practice in that in most cases, students who followed a distributed practice
schedule outperformed students practicing in a massed manner in intermediate and/or long-
term follow-up tests. Most importantly, in no case a negative effect of distributed practice
was observed. That is, the assumption stated in the Introduction, that even in the case of
more complex, mathematical material distributed practice does improve performance
compared to massed practice was supported.

An interesting exploratory result from the second study, however, indicated that in
the case of more complex content the positive effect of distributed practice might
especially emerge in medium performance ranges. This result was similar to results of two
abovementioned studies on mixed mathematical practice (interleaved and distributed
practice; Hirsch et al., 1982; Saxon, 1982). The proposed explanation was that potentially,
both students of low and high ability are rather unaffected by practice at all, because
independent from practice they are not able to understand the topic or at least follow the
provided procedure (low performers) or they grasp the underlying concepts very quickly
(high performers). Using the familiar dimensions again, regarding the high performers this
could mean that if the new concept can quickly be connected to existing conceptual and/or
procedural knowledge in long-term memory (i.e., a high level of semantical understanding
is reached virtually immediately), the knowledge is stored in a very strong and accessible
memory trace that is available for a relatively long time, regardless of practice or the

practice procedure. On the other hand, if the ability is too low (maybe because the student
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did not even pay attention to the lecture) and the student is unable to integrate the newly
learned concepts into long-term memory at all, even when repeatedly provided practice
exercises and sample solutions, practice and hence the practice condition itself do not
matter, too. However, for students whose performance could be influenced by practice
exercises, it could be shown that distributed practice exceeds massed practice, at least in
the long term.

A crucial question that was not answered by the studies and that should be subject
to future research, is which features of memory exactly are improved by distributed
practice. The presented studies provide evidence for the fact that distributed practice can be
used to improve mathematical performance even when more complex material is involved.
This is a promising result that can be built upon in future research. There, it should be
systematically investigated whether only memory (the strength of a specific memory trace)
or the degree of the organizational integration (level of semantical understanding) is
improved by distributed practice. Taking up the model provided by Delaney et al. (2010),
it could be theorized, for example, that distributed mathematical practice does not only
improve the item content information but also associative information, which could help
the students to really grasp the logic behind the correct solution. One way to analyze this
may be to include transfer tasks in the tests, because a higher level of semantical
understanding should result in a higher transfer performance than the more isolated
memorization of specific procedures and solutions.

Based on the promising results of the first two studies, in the third study,
Distributed practice: Rarely realized in self-regulated mathematical learning, distributed
practice was investigated as a learning strategy in a more self-regulated context. That is,
the procedure differed from the other studies in that the students were assigned one of two
practice conditions, but had to realize the practice sessions themselves, at home. This
procedure resulted in a large drop-out, particularly in the distributed practice condition.
Regarding the final performance, which was tested two weeks after the last practice, this
time a negative effect of distributed practice was observed. However, this result should not
be overemphasized, because a self-selection bias is very likely. The reasons for the large
drop-out were the focus of the further analyses. Exploratory analyses revealed differential
effects only in the distributed practice condition: Mainly female participants with little
concentration difficulties finished their exercises in the distributed practice condition. Male
participants generally and female participants with higher concentration difficulties

finished their exercises less often. No such differential effects were observed in the massed
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practice condition. These effects should be further investigated in future studies as they
implicate that massed and distributed practice may impose different requirements on the
learner, with distributed practice stressing more personal characteristics than massed
practice.

To sum it up, in the third study — mainly due to an unexpected high drop-out — not
the effect of distributed practice was in the focus but rather the implementation in a more
self-regulated context. The negative effect of distributed practice compared to massed
practice therefore should not be overemphasized — the study design was only restrictedly
appropriate to investigate the effect itself. However, the results of this study illustrate
problems that hitherto were only marginally brought up when it comes to research of
distributed practice: Are students (equally) able to actually realize the strategy within their
self-regulated learning? Until more research is available on this subject, distributed

practice ideally should be externally guided.
2. Conclusion

Generally, at least when integrated in the classroom schedule, distributed practice
seems to improve the mathematical performance of school students. Therefore, repeated
practice with mathematical exercises should ideally be distributed, based on the results of
the presented studies over several days. Shorter intervals, accomplished by distributing
practice over a school day, in some circumstances may also be practical for the school
routine and potentially, even these shorter interstudy intervals already result in positive
effects on the mathematical performance (see Schutte et al. 2015), though they have not
been compared to a pure massed practice condition in similar settings yet. Additionally, it
is likely that related forms of learning (e.g., physics or other mathematical topics besides
semi-formal multiplication and stochastics) similarly benefit from distributed practice.
Nonetheless, research on the effect of distributed practice would profit from more studies
with a greater variety of material to prove this hypothesis.

It is not yet clarified which dimensions of mathematical learning are particularly
improved by distributed practice — rather isolated memory of conceptual knowledge and
procedural steps and/or the degree of semantical understanding. Based on the conducted
studies no conclusion was possible, because the effects on more isolated forms of memory
and on semantical understanding cannot be differentiated. The inclusion of proper transfer
performance tasks could change that, because a higher performance in transfer tasks could

be attributed to semantical understanding.
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Regarding the actual implementation of distributed practice into educational
practice, several important aspects have to be considered by both teachers and researchers:
Usually, the majority of mathematical practice is part of the learning that happens outside
the classroom. Because class time in school is scarce, it is mostly used for input and short
homework reviews or the discussion of questions. Repetition and practice, on the other
hand, are largely part of homework and individual study time. Unfortunately, by both
researchers and teachers it should be expected that students rarely implement distributed
practice into their practice schedule autonomously and without prior training (e.g.,
Dunlosky, Rawson, Marsh, Nathan, & Willingham, 2013). In addition, they only unreliably
realize an externally provided practice schedule, as in Study 3 of this dissertation. Due to
the limited amount of time in school, it is unlikely that teachers are able to include much
more practice into their school routine. However, they could not give all exercises on one
topic at once and rely on the students to distribute their practice themselves, but instead
give out the exercises across several days or even weeks. Here, it would be crucial to make
the exercises mandatory to avoid incomplete coverage of the practice material, such as in
Study 3. With time, the students would probably get used to shorter, but more frequent
practice assignments. Additionally, they should be instructed early on about the positive
effects of distributed practice (and other learning strategies, for that matter) and how they
can be implemented in their self-regulated learning in order to increase the probability that
finally they can make use of it themselves (Dunlosky et al., 2013).

To conclude, distributed practice remains a promising practice strategy for complex
topics like mathematics. Future studies should especially focus on (a) the question which
features of memory exactly are improved by distributed mathematical practice compared to
massed practice and (b) pursue indications from the third study by investigating whether
distributed practice compared to massed practice is differentially used by learners within
their self-regulated learning. Additionally, it should be investigated how students can be
supported by the implementation of distributed practice, so that eventually as many

students as possible can profit from this strategy.
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