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The role of working memory capacity in implicit and explicit
sequence learning of children: Diﬀerentiating movement speed and
accuracy

T

⁎

Femke van Abswoudea, , Tim Buszardb,c, John van der Kampd,e, Bert Steenbergena,f
a

Behavioural Science Institute, Radboud University Nijmegen, Montessorilaan 3, PO box 9104, 6500 HE Nijmegen, the Netherlands
Institute for Health and Sport, Victoria University, Melbourne, VIC, Australia
c
Game Insight Group, Tennis Australia, Richmond, VIC, Australia
d
Research Institute MOVE, Department of Human Movement Sciences, Faculty of Behavioural and Human Movement Sciences, VU University
Amsterdam, Van der Boechorststraat 7, 1081 BT Amsterdam, the Netherlands
e
Research Centre for Exercise, School and Sport, Windesheim University of Applied Sciences, Zwolle, the Netherlands
f
School of Psychology, Australian Catholic University, Melbourne, VIC, Australia
b

A R T IC LE I N F O

ABS TRA CT

Keywords:
Working memory capacity
Implicit learning
Explicit learning
Sequence learning
Motor skill

This study investigated the role of working memory capacity on implicit and explicit motor
sequence learning in young children. To this end, a task was utilized that required a gross motor
response (ﬂexing the elbow) and that could diﬀerentiate between movement speed (i.e., reaction
time and movement time) and movement accuracy. Children aged 7–9 years practiced a serial
reaction time task that involved the production of a ﬁxed sequence of elbow ﬂexions of prescribed magnitude across two consecutive days. Children in the explicit group were informed
about the presence of the sequence and were shown this sequence, while children in the implicit
group were not made aware of the sequence. Additionally, children's verbal and visuospatial
working memory capacity was assessed. Results of day 1 regarding movement speed revealed no
evidence of sequence learning for either group, but movement accuracy results suggested that
sequence learning occurred for the implicit group. For both groups, only improvements in
movement accuracy were consolidated on day 2, indicating both general and sequence speciﬁc
learning. Working memory capacity did not correlate with learning in either of the groups.
Children in the explicit group accumulated more sequence knowledge compared to children in
the implicit group, but this knowledge did not translate to more or better sequence learning. The
minimal diﬀerences found between the implicit and explicit condition and the absence of a role
for working memory capacity add to the increasing evidence that the observed diﬀerences between implicit and explicit sequence learning in adults may be less distinct in children.

1. Introduction
Adequate performance of motor skills is critical for everyday life, for example, getting dressed, riding a bike to school and playing
outside. Not surprisingly, then, the investigation of the most eﬀective methods to perform and learn motor skills has received
considerable attention in the academic literature (e.g., Masters & Poolton, 2012; Wulf & Shea, 2002). For several decades cognitive
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scientists have typically categorised motor learning as either implicit or explicit. Implicit learning emerges when the learner is
unaware of the learning that is taking place, that is, when they cannot verbalise what they have learnt or how they performed a
movement. The opposite is true for explicit learning, in which learners build up a pool of declarative knowledge about the task and
movement execution that they can consciously access and use in their performance. Skills acquired implicitly are more resilient to
psychological and physiological stress, and more likely to be retained over time (see Masters & Poolton, 2012, for an overview). It has
also been found that implicit learning is independent of age and cognitive resources (Meulemans, Van der Linden, & Perruchet, 1998;
Reber, Walkenfeld, & Hernstadt, 1991). Consequently, implicit learning has been advocated as superior to explicit learning, especially
for children (Masters, Kamp, & Capio, 2013).
To optimize motor learning, there is an increasing interest in factors that inﬂuence the eﬀectiveness of diﬀerent types of interventions or training methods. With regard to implicit and explicit learning, working memory (WM) capacity has often been mentioned as an important factor that may mediate learning (Buszard et al., 2017; Steenbergen, Van Der Kamp, Verneau, JongbloedPereboom, & Masters, 2010). WM capacity refers to the ability to retain and manipulate information also in the face of distractions
(Baddeley, 2000). Individuals typically diﬀer in their ability to retain and manipulate verbal information compared to visuospatial
information. Consequently, separate measures have been developed for assessing verbal and visuospatial WM capacity. Given that
explicit learning is thought to be highly dependent on cognitive resources, such as WM (Maxwell, Masters, & Eves, 2003), researchers
have proposed that WM capacity may constrain the ability to learn explicitly (Steenbergen et al., 2010). More speciﬁcally, given that
feedback and instructions are often provided verbally, it is thought that verbal WM capacity is critical for explicit learning (Maxwell
et al., 2003). Nonetheless, visuospatial WM capacity is also likely to be pertinent for improving motor performance given that
feedback regarding movements in the environment is also often visual.
To study implicit and explicit learning, including the role of WM capacity, the most common paradigm within experimental
psychology has been the serial reaction time (SRT) task. Typically, a ﬁnger tapping task is employed whereby participants learn a
sequence of keys to tap as response to a stimulus that appears on the screen (Nissen & Bullemer, 1987). In these experiments,
participants are exposed to a reoccurring ﬁxed sequence over a number of practice blocks. Participants are either explicitly informed
of the sequence (explicit learning) or are only instructed to perform the task as fast and accurate as possible without being instructed
about the sequence (implicit learning). After a number of practice blocks, participants are exposed to a diﬀerent sequence, or a set of
random stimuli. If the sequence has been learnt, participants should display a decrease in performance (i.e., an increase in reaction
time) for this new sequence. The diﬀerence in performance between the learnt sequence and the new sequence is the primary
measure of sequence speciﬁc learning in this paradigm. Typically, studies using SRT-tasks mainly focus on movement speed rather
than movement accuracy. Indeed, this is because SRT-tasks have a dichotomous outcome (i.e., correct or incorrect) with only a
minimal number of incorrect responses. By contrast, Moisello and colleagues designed an SRT task which required a discrete reaching
movement, allowing movement speed to be separated in reaction time (i.e., time needed to initiate the movement) and movement
time (i.e., time between movement initiation and reaching the goal) (Moisello et al., 2009). They reported that sequence learning in
adults was represented by improved reaction times, but not by changes in movement time, indicating that participants better anticipated the next trial in the sequence. In order to provide a task that is more representative for everyday life, it is important to also
consider movement accuracy, as many of our goal-directed behaviour show trade-oﬀs between speed and accuracy (see Elliott,
Hansen, Mendoza, & Tremblay, 2004, for a theoretical framework; see also Verneau, van der Kamp, Savelsbergh, & de Looze, 2014).
Consequently, in the current experiment, we move beyond the classical SRT tasks and follow the lead by Moisello et al. by including
reaction time, movement time and movement accuracy in a new experimental setup.
The reported relationships between WM capacity and sequence learning are ambiguous. Studies have reported a relationship
between explicit sequence learning and both visuospatial WM capacity (Bo & Seidler, 2009; Martini, Furtner, & Sachse, 2013) and
verbal WM capacity (Unsworth & Engle, 2005), while other studies have reported a relationship between implicit sequence learning
and both verbal WM capacity (Bo, Jennett, & Seidler, 2012; Howard & Howard, 1997) and visuospatial WM capacity (Bo, Jennett, &
Seidler, 2011). In addition, studies have reported a lack of relationship between both components of WM capacity and either implicit
or explicit sequence learning (Kaufman et al., 2010). Thus, based on the empirical data, the relationship between implicit and explicit
learning, and WM capacity (either verbal or visuospatial) is ambiguous at best (Buszard & Masters, 2017; Janacsek & Nemeth, 2013,
2015). Furthermore, conclusions drawn from SRT studies sometimes mask the true results. For instance, some studies assume a
relationship between WM capacity and sequence learning based on a measure that is typically viewed as an indicator of general task
improvements rather than sequence learning (i.e., improvements in performance from the start of practice to the end of practice,
rather than the diﬀerence between a learnt sequence and a new or random sequence) (Bo et al., 2011, 2012; Bo & Seidler, 2009).
Also, studies often assume learning based on performance during one day, thereby neglecting consolidation, or retention, as a
deﬁning feature of learning. Finally, as already mentioned above, most SRT studies only consider learning based on improvements in
reaction (or movement) time and do not consider movement time and accuracy, thereby neglecting an important aspect of human
motor performance.
All of the above-mentioned studies examined the relationship between WM capacity and sequence learning in healthy adults.
However, the fundamentals of most of our everyday motor behaviour are learnt during childhood. During these years, cognitive
capacities, such as WM, are continuously developing and they do not reach their full capacity until adolescence (Gathercole,
Pickering, Ambridge, & Wearing, 2004). Surprisingly, however, the number of studies using SRT tasks in children is limited.
Nevertheless, they do show that children can learn this task in an implicit condition (Gofer-Levi, Silberg, Brezner, & Vakil, 2013;
Meulemans et al., 1998; Thomas & Nelson, 2001; Wilson, Maruﬀ, & Lum, 2003). However, the proposed superior performance over
explicit learning was either not studied (Gofer-Levi et al., 2013; Meulemans et al., 1998; Wilson et al., 2003) or not found (Thomas &
Nelson, 2001). In the only study to our knowledge that investigated the role of WM capacity in an SRT paradigm in children,
2
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visuospatial WM capacity was unrelated to learning in both the implicit and explicit practice condition (Jongbloed-Pereboom,
Janssen, Steiner, Steenbergen, & Nijhuis-van der Sanden, 2017). However, larger visuospatial WM capacity was related to better
overall performance during practice in both conditions, highlighting a diﬀerence between learning and practice (also see van
Abswoude, van der Kamp, & Steenbergen, 2018). It must be acknowledged that this study did not measure verbal WM capacity.
Combined, these studies question the proposed beneﬁt of implicit learning over explicit learning and the role of WM capacity for
children in an SRT task.
The aim of the current study was to extend previous research by examining the role of both verbal and visuospatial WM capacity
on sequence speciﬁc performance improvements in an implicit and explicit SRT task in children. Previous studies have shown that
children can learn motor (sequence) tasks following both implicit and explicit methods (Masters et al., 2013; Thomas & Nelson,
2001). In addition, because WM capacity is still developing in children it has been suggested that relations between explicit motor
learning and WM capacity, if any, are likely to be more pronounced in children than in adults (Steenbergen et al., 2010). Therefore,
children are an important population to further assess the role of WM capacity in implicit and explicit sequence learning. A signiﬁcant
correlation between WM capacity and performance improvements will be taken as evidence for a role of WM capacity in motor
learning. We developed a task in which children were able to improve on both the temporal and spatial dimension, operationalized
via reaction time, movement time and accuracy outcome measures. As a secondary aim we also assessed consolidation of these
general and sequence speciﬁc improvements the following day (i.e. learning). A verbal recall test on the second day was used to
determine the amount of sequence knowledge of the children.
2. Methods
2.1. Participants
A sample of 24 children (sample size based on the study of Thomas and Nelson (2001)) aged between 7 and 9 years (M = 9.2,
SD = 0.6) participated in the study. Children were recruited from a mainstream primary school. All parents and children provided
written informed consent. The procedures of the study were approved by a local ethics committee.
2.2. Apparatus and materials
2.2.1. Experimental task
The motor sequencing task was based on serial reaction time tasks, whereby participants respond to stimuli on a computer screen
as quickly as possible by pressing a corresponding key on a keyboard. Our motor task replaced keyboard pressing with a more gross
motor skill – ﬂexing the elbow to various degrees, to allow a continuous measure for both movement time and accuracy (see Fig. 1).
Participants sat in a chair and held a straight handle with their preferred arm. The length of the lever that the handle was attached
to was adjustable between 19 cm and 23 cm. We adjusted the lever length so that it matched the length of the participants arm.
Participants were instructed that their arm should rest comfortably on the table next to the apparatus. The height of the participants
chair was adjusted to better facilitate correct and comfortable positioning. The task required participants to ﬂex their elbow so that
the lever moved to the target angle as presented on an angle display screen (not to be confused for the computer screen; see Fig. 1) as
quickly as possible. Participants were then required to extend their elbow so that the lever returned to the starting position. The angle
display screen was positioned directly in front of the participants at eye level. The target angles that were shown to participants varied
between 10°, 30°, 50° and 70°. Angles appeared on the angle display screen via a preprogramed sequence stored on a microcontroller. A
new angle was displayed on the screen at the beginning of each trial. A new trial began after a short rest time (i.e., 1100 ms, which is
similar the study of Moisello et al., 2009, who also separated reaction time and movement time) with the handle having returned to 0°
rest position. This process was automated and is outlined in Fig. 2. The HEDS-5500 Incremental Optical Encoder resolved small angle
changes from the handle and arm pivot to the microcontroller which sent processed information containing trial tracking data for
each trial regarding (a) reaction time, (b) movement end time, (c) total task time, and (d) movement accuracy. Time was reported in
milliseconds. Movement accuracy was determined by cumulative discrete displacement counts over the participants drawn arc
motion. Calibration of this apparatus prior to the experiment revealed that the mean error in movement accuracy was 0.2° ± 0.3°.
After each practice block, the microcontroller sent the best trial time feedback to the angle display screen for the participant to see.
This feedback was the fastest reaction time of that block and was used to encourage participants to not only be accurate but also be as
fast as possible. Further feedback after each trial was provided to the participant via a duel LED bar indicator. A green light bar
appeared above the angle display screen for an accurate trial within ± 5° of the target displayed angle while a red light appeared for an
inaccurate trial beyond ± 5°. The red or green indication light remained lit above the angle display screen for the entire response-tostimulus interval of approximately 1100 ms.
2.2.2. Working memory assessments
The capacity limits of visuo-spatial WM and verbal WM were determined with two tasks from the Automated Working Memory
Assessment (Alloway, 2007): the Listening Recall Task and Spatial Recall Task. The tasks involved brieﬂy remembering and manipulating verbal and visuospatial stimuli (i.e., visual patterns and words). Higher scores on the task represent larger capacities of
WM. Test-retest reliability was shown to be high for both tasks in a sample of 128 participants aged 4 to 22 years (Listening Recall
Task, r = 0.88; Spatial recall Task, r = 0.79; Alloway, 2007).
3
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Fig. 1. The set-up of the experimental task. The goal for the participants was to raise the lever to the angle displayed on the angle display screen as
quickly as possible. The computer screen presented the task instructions before each session and between each practice block. Participants received
feedback regarding the accuracy of their movement via a green light (< ± 5°) or a red light (> ± 5°) that appeared on the angle display screen
after every trial. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 2. Schematic representation of an experimental trial. The participant moves the lever to the intended angle and back down again (i.e., back to
the starting position). When the lever returned to the starting position, the feedback light turned on for the complete response-stimulus interval.

4
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2.3. Procedure
The experiment was conducted over two consecutive days. Participants were required to sit with a researcher in a quiet room for
approximately 45 min on each day. At beginning of each day, all participants completed one WM capacity assessment. To ensure
consistency across participants, the Listening Recall Task was completed on day 1 and the Spatial Recall Task was completed on day
2. Following each working memory task, participants were asked to move to a position ready to commence the motor sequencing
task. Before the start of the experiment on day 1, the researcher randomly assigned the participant to a group by drawing a group
name out of an envelope. Participants were either allocated to the implicit group or the explicit group. Implicit and explicit groups
diﬀered based on the information that was provided to the participants about the motor sequencing task, with only the explicit group
being informed about the ﬁxed sequence embedded in the task.
2.3.1. Day 1 – practice
A computer screen was positioned in front of the participant, which detailed the instructions of the task (see Appendix A).
Participants were told that this is a game, and the primary aim of the game was to move the rod as fast as possible to the angle
presented on the angle display screen. However, participants were also told that only correct trials would be recorded to encourage
accurate performance. Participants underwent two blocks of eight familiarization trials. The ﬁrst block of familiarization trials
focused on movement accuracy. To ensure participants understood what each angle was, the researcher showed the participant a
sheet of paper that illustrates 10°, 30°, 50° and 70°. Afterwards, with the participant holding the handle, the researcher moved the
lever to each angle and held it there for approximately 5 s. This allowed participants to experience the required movement and
posture for each angle. In the second familiarization block, the focus was on speed. Participants were told that this was the ﬁnal
practice before playing the game. During this block of trials, participants experienced the green/red light feedback. Participants were
also notiﬁed that their fastest correct trial would be reported at the end of each block of trials. Hence, after the second familiarization
block, a number appeared on the angle screen, which represented the fastest correct response time in seconds. A one-minute rest
period was provided after the second familiarization block. Participants were encouraged to ask any ﬁnal questions during this time.
The practice phase was based on a previous SRT study using a ﬁnger tapping task in children (Gheysen, Van Waelvelde, & Fias,
2011). The practice phase comprised of 10 blocks of 50 trials, with 1-min rest breaks between blocks (see Table 1). In blocks 1
through 8 and in block 10, the required angles followed a predetermined 10-item sequence with an identical structure as the sequence
used by Gheysen et al. (2011) (i.e. 10°, 50°, 70°, 30°, 50°, 10°, 70°, 30°, 10°, 70°). This sequence was repeated ﬁve times per block. In
block 9, the sequence was replaced by a new 10 item sequence, which was created by a simple transformation, 10° < − > 70°(i.e.
70°, 50°, 10°, 30°, 50°, 70°, 10°, 30°, 70°, 10°). This new sequence was supposed to seem random to participants, while remaining the
same number of occurrences of each angle within the sequence, both having only one reversal (10°, 70°, 10°), but also being
maximally discriminative because there was no single triplet (any three subsequent numbers) that occurred in both sequences (see
Jiménez, Vaquero, & Lupiáñez, 2006, for a similar procedure).
Participants in the implicit group were not informed on the repeating ﬁxed sequence. Conversely, participants in the explicit
group were told that the angles appear in the same order most of the time. Participants in this group were shown the sequence during
the rest period between blocks on the computer screen and were instructed that knowing the order of the angles will help them
achieve faster performance for each trial. They were also asked to focus on this sequence in the rest periods.
2.3.2. Day 2 – consolidation
The second day started with general instructions and two familiarization blocks; the ﬁrst block was similar to the familiarization
block on day 1, while the second was a practice block of the transfer test used in block 4. This transfer test changed the context of a
task to a selection task which was performed to answer questions beyond the scope of this paper and is not reported here. Participants
in the explicit group were then reminded of the ﬁxed sequence in the same manner as day 1. Participants then performed ﬁve more
blocks of 50 trials with a 1-min rest between blocks (see Table 1). Block 1 was a regular sequence block, but block 2 was used to assess
the consolidation of the sequence speciﬁc improvements (note: only these ﬁrst two blocks are reported in this paper). To this end,
each 10 trials either followed the learnt (i.e., ﬁxed) sequence or the new sequence. The new sequence was the same sequence as the
random block on day 1 (see Jiménez et al., 2006, experiments 3 and 4, for a similar procedure). The ﬁrst 10 trials followed the new
sequence, then the ﬁxed sequence, and so on. This resulted in 30 random trials and 20 learnt sequence trials.
Table 1
Representation of the design of the study.
Day 1
Block
Type

F1
F

Day 2
1
S

2

3

4

5

6

7

8

9
R

10
S

F2
F

F3
F

11
S

12
C

13a
S

14a
T

15a
S

Note. All blocks, apart from the familiarization blocks, included 50 trials. F = Familiarization block; S = Sequence block, consisting of ﬁve
repetitions of the 10-item ﬁxed sequence (i.e., 50 trials); R = random block, consisting of ﬁve repetitions of a new sequence (i.e., 50 trials);
C = Consolidation block, consisting of two repetitions (i.e., 20 trials) belonging to the ﬁxed sequence and three 3 repetitions (i.e., 30 trials)
belonging to the new sequence. T = Transfer block, not reported in this paper.
a
These blocks are not reported in this paper.
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After the ﬁnal block on day 2, participants' knowledge of the ﬁxed sequence was assessed. Participants received a series of
questions to address their explicit knowledge about the embedded sequence. Participants in the implicit condition were ﬁrst asked if
something about the task stood out to them. Next, they were told that there was a 10-item sequence embedded in the trials and were
asked if they were aware of this sequence. If participants reported awareness of the sequence, they were asked to detail when exactly
they noticed the sequence (i.e., during the practice or during/after the transfer tasks). Participants in the explicit condition were
asked if they noticed the sequence when performing the task, whether they used the sequence information to improve task performance, and when they became aware of the sequence. The last question was similar for both groups and required participants to
freely recall the sequence (see Lejeune, Catale, Willems, & Meulemans, 2013, for a similar procedure). For this task, participants were
asked to write down what they thought the sequence was. Participants were given the ﬁrst number followed by 20 empty boxes that
represent the next 20 trials. Participants were asked to avoid repetitions. The number of correct triplets recalled was calculated. A
high score on the task represents explicit sequence awareness (Destrebecqz & Cleeremans, 2001).
2.4. Data analysis
2.4.1. Dependent variables
2.4.1.1. Reaction time (RT). Reaction time was deﬁned as the time between stimulus presentation and movement onset.
2.4.1.2. Movement time (MT). This was deﬁned as the time between movement onset and the time at which the movement reached
the maximum angle for that trial. Pilot testing showed that participants restrained their downward movement to prevent the handle
from slamming down; hence we decided to remove the downward motion back to the starting position from the calculation of
response time. Furthermore, only trials where the movement fell between +/− 5° of the intended angle were included in the analysis
(i.e., correct trials). This is because response time is closely related to the distance of movement; hence, we only wish to assess
movement time for movements of similar distance. Additionally, because movement time is dependent on the magnitude of the angle
that needs to be produced, the index of diﬃculty was calculated for each angle based on Fitts law (Fitts, 1954) using the formula
ID = log2(2*TA),1 in which ID is the index of diﬃculty and TA is the target angle. Movement times were multiplied by this ID to
create comparable times for all angles.
2.4.1.3. Movement accuracy (Acc). This was deﬁned as the absolute diﬀerence between the intended angle (i.e. the angle that appears
on the computer screen) and the maximum angle of the participant's actual movement on that trial. A smaller diﬀerence represents
better accuracy. All trials, also incorrect trials, were included.
2.4.1.4. Sequence knowledge. The number of correct triplets in the recall task was calculated. This number was compared against
chance level, which was set on 5 (i.e., with 4 diﬀerent angles, 36 triplets without repetition of angles could be generated; 10 of these
triplets belonged to the ﬁxed sequence, while 19 was the maximum number of correct triplets in the recall task; hence, chance
performance was 19*10/36 = 5.2). A score above 5 was considered an indication of sequence awareness (see Lejeune et al., 2013).
2.4.1.5. Phases in the experiment. Analysis of the data was performed for four diﬀerent phases that exist in this experiment with their
corresponding blocks:
1.
2.
3.
4.

General improvement: this includes block 1 and 8 and is included to check if children are able to improve on the task.
Sequence speciﬁc learning; this includes block 8 (ﬁxed sequence) and 9 (new sequence).
Consolidation of general learning; this compares block 10 (ﬁnal block day 1) and 11 (ﬁrst block day 2).
Consolidation of sequence speciﬁc learning; this compares the ﬁxed sequence trials to the new sequence trials within block 12

2.4.2. Data preparation
The data were ﬁrst checked for missing values. There were 19 counts (0.1%) of missing data for each dependent variable of the
sequencing task (response time & accuracy). This data was not missing at random, but was due to a technical issue. Data stopped
recording for one participant (ID #4) during block 3 from trials 31 to 49. No imputation methods were applied to this missing data.
Next, the data were checked for abnormalities. The following values were removed from the analysis:

• Working memory scores > 40 (40 represented the maximum score),
• The produced angle was smaller than 1 (typically represents an error in the task),
• The reaction time (time between presentation of the stimulus and the start of the movement) was smaller than 1 ms (typically
represents a technical error),
• The reaction time was larger than 5000 ms (this occurred when the child was not focusing),
• The movement time was smaller than 1 ms (typically represents an error in the task).
1
The complete formula for the index of diﬃculty is ID = log2(2D/W) in which D represents the distance of a target and W represents the width of
the target. In the current experiment the target is only deﬁned by a distance (i.e. angle) which is why the width is deleted from the original formula.
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2.4.3. Statistical analysis
The eﬀect of condition and WM on speed and accuracy in each of the four phases of the experiment was analysed with a linear
mixed-eﬀect model approach, using the lme4 package (Bates, Mächler, Bolker, & Walker, 2015) in R studio (R Core Team, 2014).
Mixed modelling was used instead of repeated measures ANOVA's because of diﬀerences in amount of trials that were included in
analysis between participants. These diﬀerences were a consequence of only assessing correct trials. This approach also ﬁts with the
non-independence of the data in which each participant contributed multiple data points to each of the dependent variables. By using
mixed-eﬀect models, the variability of these scores was retained. Mixed models were initially applied to the raw (untransformed)
data. However, residual plots showed that all models failed to conform to homoscedasticity. Greater variation was observed in the
upper values for each dependent variable. Consequently, a square root transformation was applied to the data.2 Data were transformed back to the original scale when reporting estimates.
The model setup was similar for all phases of the experiment. Factorial predictors (i.e. group and block) were coded using sum-tozero contrasts. The models included a ﬁxed intercept, a ﬁxed eﬀect for Group (with explicit coded as 1 and implicit coded as −1), a
ﬁxed eﬀect of Time (i.e. blocks corresponding to the speciﬁc phase) and the interaction between these two factors. To analyse the
eﬀects of WM capacity, ﬁxed eﬀects of verbal WM capacity and visuospatial WM capacity were added in separate models. The
repeated nature of the data were modelled by including a per-participant random intercept and a per-participant random slope of
Time (i.e. change in performance over blocks for the speciﬁc phase) and the random correlation between the random slope and the
random intercept. For the count outcome of the number of correct triplets recalled, the model family was a Poisson with a log link.
Statistical inferences about the ﬁxed and random eﬀects were based on a Likelihood Ratio Tests of the full model with the eﬀect in
question (i.e., the interaction between group and time) against the model without the eﬀect in question, using R's ANOVA function.
The likelihood ratio tests were performed with a Chi-square distribution using the appropriate degrees of freedom for the comparisons being made. Assessments about the magnitude of eﬀects between groups were based on linear contrasts of the model ﬁxed
eﬀects and their 95% conﬁdence intervals using Tukey's method to adjust for multiple comparisons, using the lsmeans function of the
lsmeans package (Lenth, 2016). The eﬀects of WM capacity were followed up with correlations between verbal and spatial WMC and
the change in performance relevant for that phase within groups. Statistical signiﬁcance was accepted at p < .05.
3. Results
3.1. General task improvement
The analysis showed a signiﬁcant eﬀect of block on movement time indicating an improvement in speed from block 1 to block 8
(χ2(1) = 29.85, p < .001, Fig. 4). Movement time decreased for both the implicit group (Coef = 60.4, 95% CI [25.6, 95.2],
p < .001) and the explicit group (Coef = 49.8, 95% CI [15.9, 83.7], p < .001). There was no eﬀect of group, nor was there a
signiﬁcant interaction between group and block. Neither verbal nor visuospatial WM capacity were related to the changes in
movement time. There was no change in either reaction time or accuracy as indicated by the absence of eﬀect for block and group,
and no signiﬁcant interaction between group and block (Figs. 3 & 5).
3.2. Consolidation of general improvements
The results for reaction time show a signiﬁcant eﬀect of block (χ2(1) = 4.05, p = .044) indicating slower reaction times at the
start of day 2 compared to the end of day 1 (Fig. 3). There was no eﬀect of group and no signiﬁcant interaction between group and
block. The increase in reaction time was similar in the implicit group (Coef = −86.5, 95% CI [−215.0, 42.4]) and the explicit group
(Coef = −45.9, 95% CI [−184.0, 92.5]). WM capacity was not related to the (lack of) consolidation of response times. Movement
times were also slower at the start of day 2 compared to the end of day 1 (χ2(1) = 13.85, p < .001, Fig. 4). There was no eﬀect for
group, but there was a signiﬁcant interaction between group and block (χ2(1) = 3.95, p = .047). The slower movement times were
only apparent for the explicit group (Coef = −15.4, 95% CI [−25.7, −5.5], p < .001) and not for the implicit group (Coef = −5.6,
95% CI [−14.3, 3.0], p = .083).
In contrast, accuracy was better at the start of day 2 compared to the end of day 1 (χ2(1) = 4.62, p = .032, Fig. 4). There was no
eﬀect for group, nor were there any signiﬁcant interactions. The implicit group showed an increase in accuracy of 2.1o (95% CI
[−0.9, 5.0]) and the explicit group showed an increase of 1.2o (95% CI [−1.7, 4.0]). WM capacity was not related to the consolidation of accuracy.
3.3. Sequence speciﬁc improvement
The analysis did not reveal any indications of sequence speciﬁc learning for reaction time or movement time, as indicated by a
lack of signiﬁcant eﬀects for block, group, and the interaction between block and group (Figs. 3 & 4). There were indications of
sequence speciﬁc learning for accuracy (Fig. 5). That is, there was a near signiﬁcant eﬀect for block (χ2(1) = 3.73, p = .053), and a
signiﬁcant interaction between group and block (χ2(1) = 4.18, p = .041). Participants in the implicit group showed a decrease in
2
NOTE: a square root transformation was compared to a log transformation. A square root transformation ﬁtted the data to a normal distribution
better than a log transformation
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Fig. 3. Mean reaction times for blocks 1 through 11. Block 9 represents the random block and block 11 represents the ﬁrst block of day 2. Error bars
represent standard error.

Fig. 4. Mean movement times (with ID correction) for blocks 1 through 11. Block 9 represents the random block and block 11 represents the ﬁrst
block of day 2. Error bars represent standard error.

accuracy in block 9 (Coef = −2.0, 95% CI [−4.4, 0.4], p = .015), which was not observed for the explicit group (Coef = −0.1, 95%
CI [−2.5, 2.3], p = .91). There were no eﬀects for either verbal or visuospatial WM capacity.

3.4. Consolidation of sequence speciﬁc improvements
There were no signiﬁcant eﬀects for condition or group, or the interaction between group and condition for reaction time and
movement time, indicating no diﬀerence in performance between the learnt sequence and the new sequence (Figs. 6 & 7). For
accuracy, there was only a signiﬁcant eﬀect of condition (χ2(1) = 5.26, p = .022), with better accuracy in the learnt sequence
compared to the new sequence for both the implicit group (Coef = −0.6, 95% CI [−2.5, 1.3]) and the explicit group (Coef = −1.5,
8
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Fig. 5. Accuracy (in degrees) for blocks 1 through 11. Block 9 represents the random block and block 11 represents the ﬁrst block of day 2. Error
bars represent standard error.

Fig. 6. Mean reaction times for trials representing the learnt sequence and the new sequence within block 12. Error bars represent standard error.
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Fig. 7. Mean movement times (with ID correction) for trials representing the learnt sequence and the new sequence within block 12. Error bars
represent standard error.

95% CI [−3.4, 0.3], (Fig. 8). There was no eﬀect of WM capacity for either response time or accuracy.
3.5. Declarative knowledge
There was a signiﬁcant eﬀect of group on the number of triplets recalled (χ2(2) = 4.09, p = .044). The estimated number of
triplets in the implicit group was 3.4 (95% CI [1.9, 6.0]) and in the explicit group 7.3 (95% CI [4.4, 12.1]). The estimated diﬀerence
between the groups was 3.9 (95% CI [−11.5, 3.8]). Verbal and spatial WM capacity had no signiﬁcant inﬂuence on the number of
triplets reported. In the implicit group, 4 out of 12 children reported more than the chance level of 5 triplets, indicating some
sequence awareness. In the explicit group this number was 9 out of 11. A Chi-Square test showed that more children in the explicit
group showed sequence awareness compared to children in the implicit group (χ2 = 5.49, p = .019).
4. Discussion
This study investigated the role of WM capacity when motor sequences were learnt implicitly or explicitly by children. We
advanced previous SRT studies by (a) adopting a task that measured movement accuracy in addition to both reaction time and
movement time, (b) assessing whether performance improvements were related to general learning of the task or sequence speciﬁc
learning, and (c) measuring whether learning had consolidated one day after practice. Results of day 1 showed that children from
both groups (implicit and explicit) learnt to perform the task faster with practice, as evidenced by a decrease in movement time.
However, these improvements were only revealed in general task improvements rather than sequence-speciﬁc improvements. There
were indications that the implicit group, but not the explicit group, acquired the sequence, based on movement accuracy data.
Signiﬁcantly, both general and sequence speciﬁc improvements in movement accuracy consolidated for both groups by day 2,
whereas improvements in reaction time and movement time were not. Contrary to our main hypothesis, however, neither verbal nor
visuospatial WM capacity were associated with task improvements.
4.1. Performance on day 1
Interesting results emerged on day 1. Children in both groups improved movement time but not reaction time or accuracy.
However, there was no evidence for sequence learning based on reaction time or movement time, while there was evidence for
sequence learning (for the implicit group only) based on accuracy. The complexity of the task appears to have led to a speed-accuracy
trade-oﬀ, with children prioritizing accuracy over speed. Hence, improvements in speed were merely due to familiarization with the
task and not due to an anticipation of the next trial. This general improvement in movement time but not reaction time is consistent
with the study of Moisello et al. (2009). In their study, adult participants performed an SRT task consisting of arm-reaching
movements. They also observed that movement time continuously decreased during practice, while this was not the case for reaction
time. However, in their experiment sequence learning (as opposed to the general improvements) was only indicated by a diﬀerence in
reaction times between the sequence trials and random trials after practice. This diﬀerence was not present in our study. This may
10
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Fig. 8. Mean accuracy (in degrees) for trials representing the learnt sequence and the new sequence within block 12. Error bars represent standard
error.

reﬂect a diﬀerence in learning between children and adults, a diﬀerence in task diﬃculty and/or be related to the larger amount of
practice trials in the study of Moisello et al. (2009). Conversely, the implicit group's decline in accuracy when a new sequence was
presented (block 9) might indicate that these children had learnt at least some of the sequence. This implies that in this complex task
the spatial elements of the sequence were being learnt before the temporal elements.
We suspect that there was evidence for sequence learning in the implicit group but not the explicit group, possibly reﬂecting a
diﬀerence in the speed-accuracy trade-oﬀ between groups (see Fitts, 1954, and Dayan & Cohen, 2011, for more discussion on speedaccuracy trade-oﬀ during early learning; see Lefebvre, Dricot, Gradkowski, Laloux, & Vandermeeren, 2012, for diﬀerent speedaccuracy trade-oﬀ proﬁles in learning). Children in the implicit group displayed greatest improvements in accuracy during the initial
blocks of practice (see Fig. 4). This indicates that children in the implicit group might have prioritized accuracy over speed, which
may have been emphasized by the accuracy feedback after every trial. The improvements in movements speed may be solely a byproduct of familiarization. Children in the explicit group showed minimal changes in accuracy, which suggests that these children
were less concerned with being correct. Because children in the explicit group were provided with the sequence on the computer
screen prior to every block, they may have focussed their attention on trying to recognize the sequence as it appeared on the screen.
This would likely result in the categorization of responses, therein leading to minimal sequence learning in both speed and accuracy.
A noteworthy observation of performance on day 1 was the lack of diﬀerence between the implicit and explicit groups with
regards to general task improvements. This is consistent with previous SRT studies that showed no diﬀerences between implicit and
explicit training groups in the amount of improvement in response speed (Jongbloed-Pereboom et al., 2017; Thomas & Nelson, 2001).
This suggests that children can improve general motor performance on an SRT task with and without receiving explicit instructions
about the ﬁxed sequence (Meulemans et al., 1998; Nemeth, Janacsek, & Fiser, 2013). We suggest that it shows that children habituate
to the task constraints rather than the sequence.
4.2. Consolidation of learning
On day 2, children in both groups displayed slower reaction times, whereas slower movement times were most apparent in the
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explicit group. In addition, there was still no evidence of sequence speciﬁc learning for either movement time or reaction time. This
strengthens the argument that day 1 improvements in movement speed primarily reﬂect general familiarization with the task.
Accuracy, however, was better for both groups on day 2 compared to the ﬁnal block of day 1. Moreover, when sequence-speciﬁc
learning was assessed, children from both groups demonstrated better accuracy for the learnt sequence compared to the new sequence. This further strengthens the suggestion that in this complex sequence task movement accuracy was learnt before movement
speed or anticipation. The sequence speciﬁc consolidation of accuracy suggests that the motor system can beneﬁt from the continuous
practice of a sequence of movements. It also raises the question as to whether this sequence speciﬁc consolidation of accuracy was
related to an implicit or explicit learning process, or is perhaps underpinned by an improvement in proprioception.
Several studies have investigated consolidation in classic SRT tasks in children and there is general agreement that explicit task
elements are consolidated better than implicit task elements (Ashworth, Hill, Karmiloﬀ-Smith, & Dimitriou, 2014; Fischer, Wilhelm,
& Born, 2007; Sugawara et al., 2014). In our experiment, feedback regarding movement accuracy was provided after every trial for
both groups, and this might have elicited an explicit, trial-and-error learning process (for a discussion of why trial and error can lead
to explicit learning, see Maxwell, Masters, Kerr, & Weedon, 2001). In contrast, research has also suggested that children may depend
more on implicit learning (Nemeth et al., 2013), especially since the cognitive capacities needed for explicit learning are still developing (Masters et al., 2013). In the present experiment the lack of relations with WM capacity and a lesser degree of sequence
knowledge in the implicit group (see sections below) corroborate the suggestion that movement accuracy was learnt implicitly.
Possibly, the two processes, implicit and explicit learning, were involved in parallel (see Willingham, Nissen, & Bullemer, 1989)
making it diﬃcult to dissociate between the two.
4.3. Sequence knowledge
It was clear that the children in the explicit group could report more elements belonging to the sequence than children in the
implicit group. However, none of the previously discussed results show clear indications of an explicit learning process within the
explicit group and there were only minimal diﬀerences in performance and learning between both groups. This highlights that only
gauging the amount of declarative knowledge at the end of the experiment is not a reliable method to determine if participants learnt
the task implicitly or explicitly. We showed that children did build up sequence knowledge but they did not show any indication of
using this knowledge to improve their performance. This was evidenced by the lack of anticipation which would be represented by a
decrease in reaction time, a lack of sequence speciﬁc performance changes in the explicit group on day 1 and similar consolidation as
participants in the implicit group on day 2. This ﬁnding is in accordance with Thomas and Nelson (2001) who showed that, on a
group level, children who were pre-exposed to the sequence did not show better sequence speciﬁc learning compared to children who
were not exposed to the sequence. They also found that some children had no awareness of the sequence despite being explicitly
informed what the sequence was, whilst other children did demonstrate awareness of the sequence despite not being explicitly
informed of the sequence. This highlights the large degree of individual variation in response to the manipulation (implicit or explicit
paradigm). While we expected that WM capacity might explain some of this variation, our results did not conﬁrm this hypothesis.
4.4. Role of WM capacity on performance and learning
There was also no evidence that verbal or visuospatial WM capacity inﬂuenced sequence speciﬁc improvements or general task
improvements, nor the consolidation of these improvements, in either group. It was expected that verbal WM capacity would be
related to sequence-speciﬁc learning in the explicit group (Buszard et al., 2017; Buszard & Masters, 2017). However, our results are
consistent with the only other study looking into the role of WM capacity in an SRT task in children who showed that visuospatial
WM capacity was not related to improvements in performance in both an implicit and explicit sequence learning group (JongbloedPereboom et al., 2017). Several studies on implicit and explicit motor learning in sport related tasks also failed to show a role for WM
capacity (Brocken, Kal, & van der Kamp, 2016; Krajenbrink, van Abswoude, Vermeulen, van Cappellen, & Steenbergen, 2018), or
only found an eﬀect on performance and not on learning (van Abswoude et al., 2018). This raises the question whether this indicates
that children learn independent of working memory capacity regardless of the learning condition that is created (e.g. van Abswoude
et al., 2018), whether the learning condition does not put enough load on WM capacity (e.g. Brocken et al., 2016), or whether the
learning processes diﬀer between children and adults. It needs to be acknowledged that the type of task used, in our case a span task,
can also inﬂuence the results that are found (see Janacsek & Nemeth, 2013, for an elaborate discussion). Nevertheless, for the current
experiment, we deemed the learning in both groups to be largely implicit given the minimal diﬀerences in learning between the
groups, the lack of indication that children in the explicit groups used their acquired sequence knowledge and the lack of relations
with WM capacity.
5. Conclusion
In this study we showed diﬀerential eﬀects for children's sequence speciﬁc improvements in reaction time, movement time and
accuracy. That is, during practice we only showed sequence speciﬁc changes in performance for accuracy in the implicit group. We
also showed that accuracy was better consolidated the following day compared to reaction time and movement time, indicating both
general learning and sequence learning. Including these three dependent variables goes beyond previous studies that have primarily
measured response time in isolation. Furthermore, neither verbal nor visuospatial WM capacity were related to changes in performance or learning. Also, the knowledge that children acquired in the explicit group did not seem to be used during task performance.
12

Human Movement Science 69 (2020) 102556

F. van Abswoude, et al.

We do need to acknowledge that, even though our sample size was based on previous work, the power to detect diﬀerences between
groups and to detect a role for WM capacity is relatively small. As a result, we are cautious in generalizing our results outside of the
current sample. Nevertheless, the contrasting ﬁndings between speed and accuracy highlights that diﬀerent processes may play a role
in learning and consolidation of diﬀerent motor learning components in children.
To advance the ﬁeld, our results suggest several avenues for further study. First, our ﬁndings need to be replicated using a larger
sample. Not only would that show the robustness of the current ﬁndings, it would also make it possible to zoom in on individual
diﬀerences regarding speed-accuracy trade-oﬀ proﬁles (see Lefebvre et al., 2006) and the role of the acquired sequence knowledge
(see Thomas & Nelson, 2001). Second, further scrutiny of the diﬀerences between children and adults in this type of task is important
in order to provide insight into age-related changes in the learning process. These steps are essential to further unravel the processes
and mechanisms related to implicit and explicit motor sequence learning in children.
Funding
this work was supported by the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO; project 328-98-004).
Declaration of Competing Interest
None.
Acknowledgement
The authors wish to thank Rhett Stephens from Victoria University for his mechanical and electrical engineering expertise, as
Rhett was responsible for developing the motor task apparatus. The authors also wish to thank the school, teachers, children and their
parents for participating in this experiment.
Appendix A. Instructions given to the participant at the start of day 1 and day 2 of the experiment for each group
Instructions appearing on the computer screen on day one in the explicit group

• Welcome. We are going to play a game. Are you ready?
(experimenter explains the game)
• Lets practice ﬁrst
(child performs F1)
• Well done! Your fasters correct time is now on the scoreboard
• Lets practice one last time. Goal = go as fast as you can… but you need to be correct!
(child performs F1 again)
• Great! Your fastest correct time is now on the scoreboard
(experimenter explains presence of the sequence)
• The order is: 10, 50, 70, 30, 50, 10, 70, 30, 10, 70. If you remember this order it will help you go faster
• Lets see how fast you can be! But we only count it if the green light comes on
(child performs the experiment)

Between blocks children see: Good job! Your fastest correct time is now on the scoreboard. Remember, the numbers appear in the
same order most of the time. 10, 50, 70, 30, 50, 10, 70, 30, 10, 70.
Instructions appearing on the computer screen on day one in the explicit group

• Welcome. We are going to play a game. Are you ready?
(experimenter explains the game)
• Lets practice ﬁrst
(child performs F1)
• Well done! Your fasters correct time is now on the scoreboard
• Lets practice one last time. Goal = go as fast as you can… but you need to be correct!
(child performs F1 again)
Great!
Your fastest correct time is now on the scoreboard
•
(experimenter explains that game will start now)
• Lets see how fast you can be! But we only count it if the green light comes on
(child performs the experiment)

Between blocks children see: Good job! Your fastest correct time is now on the scoreboard.
13

Human Movement Science 69 (2020) 102556

F. van Abswoude, et al.

References
van Abswoude, F., van der Kamp, J., & Steenbergen, B. (2018). The roles of declarative knowledge and working memory in explicit motor learning and practice among
children with low motor abilities. Motor Control, 1–18. https://doi.org/10.1123/mc.2017-0060.
Alloway, T. P. (2007). Manual automatized working memory assessment. Oxford: Pearson.
Ashworth, A., Hill, C. M., Karmiloﬀ-Smith, A., & Dimitriou, D. (2014). Sleep enhances memory consolidation in children. Journal of Sleep Research, 23(3), 302–308.
https://doi.org/10.1111/jsr.12119.
Baddeley, A. (2000). The episodic buﬀer: A new component of working memory? Trends in Cognitive Sciences, 4(11), 417–423. https://doi.org/10.1016/S13646613(00)01538-2.
Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-eﬀects models using lme4. Journal of Statistical Software, 67(1), https://doi.org/10.18637/
jss.v067.i01.
Bo, J., Jennett, S., & Seidler, R. D. (2011). Working memory capacity correlates with implicit serial reaction time task performance. Experimental Brain Research,
214(1), 73–81. https://doi.org/10.1007/s00221-011-2807-8.
Bo, J., Jennett, S., & Seidler, R. D. (2012). Diﬀerential working memory correlates for implicit sequence performance in young and older adults. Experimental Brain
Research, 221(4), 467–477. https://doi.org/10.1007/s00221-012-3189-2.
Bo, J., & Seidler, R. D. (2009). Visuospatial working memory capacity predicts the Organization of Acquired Explicit Motor Sequences. Journal of Neurophysiology,
101(6), 3116–3125. https://doi.org/10.1152/jn.00006.2009.
Brocken, J. E. A., Kal, E. C., & van der Kamp, J. (2016). Focus of attention in Children’s motor learning: Examining the role of age and working memory. Journal of
Motor Behavior, 48(6), 527–534. https://doi.org/10.1080/00222895.2016.1152224.
Buszard, T., Farrow, D., Verswijveren, S. J. J. M., Reid, M., Williams, J., Polman, R., & Masters, R. S. W. (2017). Working memory capacity limits motor learning when
implementing multiple instructions. Frontiers in Psychology, 8(AUG), https://doi.org/10.3389/fpsyg.2017.01350.
Buszard, T., & Masters, R. S. W. (2017). Adapting, correcting and sequencing movements: Does working-memory capacity play a role? International Review of Sport and
Exercise Psychology, 0(0), 1–21. https://doi.org/10.1080/1750984X.2017.1323940.
Dayan, E., & Cohen, L. G. (2011). Neuroplasticity subserving motor skill learning. Neuron, 72(3), 443–454. https://doi.org/10.1016/J.NEURON.2011.10.008.
Destrebecqz, A., & Cleeremans, A. (2001). Can sequence learning be implicit? New evidence with the process dissociation procedure. Psychonomic Bulletin & Review,
8(2), 343–350. https://doi.org/10.3758/BF03196171.
Elliott, D., Hansen, S., Mendoza, J., & Tremblay, L. (2004). Learning to optimize speed, accuracy, and energy expenditure: A framework for understanding speedaccuracy relations in goal-directed aiming. Journal of Motor Behavior, 36(3), 339–351. https://doi.org/10.3200/JMBR.36.3.339-351.
Fischer, S., Wilhelm, I., & Born, J. (2007). Developmental diﬀerences in sleep’s role for implicit oﬀ-line learning: Comparing children with adults. Journal of Cognitive
Neuroscience, 19(2), 214–227. https://doi.org/10.1162/jocn.2007.19.2.214.
Fitts, P. M. (1954). The information capacity of the human motor system in controlling the amplitude of movement. Journal of Experimental Psychology, 47, 381–391.
Gathercole, S. E., Pickering, S. J., Ambridge, B., & Wearing, H. (2004). The structure of working memory from 4 to 15 years of age. Developmental Psychology, 40(2),
177–190. https://doi.org/10.1037/0012-1649.40.2.177.
Gheysen, F., Van Waelvelde, H., & Fias, W. (2011). Impaired visuo-motor sequence learning in developmental coordination disorder. Research in Developmental
Disabilities, 32(2), 749–756. https://doi.org/10.1016/j.ridd.2010.11.005.
Gofer-Levi, M., Silberg, T., Brezner, A., & Vakil, E. (2013). Deﬁcit in implicit motor sequence learning among children and adolescents with spastic cerebral palsy.
Research in Developmental Disabilities, 34(11), 3672–3678. https://doi.org/10.1016/j.ridd.2013.07.029.
Howard, J. H. J., & Howard, D. V. (1997). Age diﬀerences in implicit learning of higher order dependencies in serial patterns. Psychology and Aging, 12, 634–656.
Janacsek, K., & Nemeth, D. (2013). Implicit sequence learning and working memory: Correlated or complicated? Cortex, 49(8), 2001–2006. https://doi.org/10.1016/j.
cortex.2013.02.012.
Janacsek, K., & Nemeth, D. (2015). The puzzle is complicated: When should working memory be related to implicit sequence learning, and when should it not?
(response to Martini etal.). Cortex, 64, 411–412. https://doi.org/10.1016/j.cortex.2014.07.020.
Jiménez, L., Vaquero, J. M. M., & Lupiáñez, J. (2006). Qualitative diﬀerences between implicit and explicit sequence learning. Journal of Experimental Psychology.
Learning, Memory, and Cognition, 32(3), 475–490. https://doi.org/10.1037/0278-7393.32.3.475.
Jongbloed-Pereboom, M., Janssen, A. J. W. M., Steiner, K., Steenbergen, B., & Nijhuis-van der Sanden, M. W. G. (2017). Implicit and explicit motor sequence learning
in children born very preterm. Research in Developmental Disabilities, 60, 145–152. https://doi.org/10.1016/j.ridd.2016.11.014.
Kaufman, S. B., DeYoung, C. G., Gray, J. R., Jiménez, L., Brown, J., & Mackintosh, N. (2010). Implicit learning as an ability. Cognition, 116(3), 321–340. https://doi.
org/10.1016/j.cognition.2010.05.011.
Krajenbrink, H., van Abswoude, F., Vermeulen, S., van Cappellen, S., & Steenbergen, B. (2018). Motor learning and movement automatization in typically developing
children: The role of instructions with an external or internal focus of attention. Human Movement Science, 60(June), 183–190. https://doi.org/10.1016/j.humov.
2018.06.010.
Lefebvre, S., Dricot, L., Gradkowski, W., Laloux, P., & Vandermeeren, Y. (2012). Brain activations underlying diﬀerent patterns of performance improvement during
early motor skill learning. NeuroImage, 62(1), 290–299. https://doi.org/10.1016/J.NEUROIMAGE.2012.04.052.
Lejeune, C., Catale, C., Willems, S., & Meulemans, T. (2013). Intact procedural motor sequence learning in developmental coordination disorder. Research in
Developmental Disabilities, 34(6), 1974–1981. https://doi.org/10.1016/j.ridd.2013.03.017.
Lenth, R. V. (2016). Least-squares means: The R package lsmeans. Journal of Statistical Software, 69(1), https://doi.org/10.18637/jss.v069.i01.
Martini, M., Furtner, M. R., & Sachse, P. (2013). Working memory and its relation to deterministic sequence learning. PLoS One, 8(2), e56166. https://doi.org/10.
1371/journal.pone.0056166.
Masters, R. S. W., van der Kamp, J., & Capio, C. M. (2013). Implicit motor learning by children. In J. Côté, & R. Lidor (Eds.). Conditions of children’s talent development in
sport (pp. 21–40). WV: Fitness Information Technology.
Masters, R. S. W., & Poolton, J. M. (2012). Advances in implicit motor learning. In N. J. Hodges, & A. M. Williams (Eds.). Skill acquitition in sport: Research, theory and
practice (pp. 59–75). (2nd ed.). London: Routledge.
Maxwell, J. P., Masters, R. S. W., & Eves, F. F. (2003). The role of working memory in motor learning and performance. Consciousness and Cognition, 12(3), 376–402.
https://doi.org/10.1016/S1053-8100(03)00005-9.
Maxwell, J. P., Masters, R. S. W., Kerr, E., & Weedon, E. (2001). The implicit beneﬁt of learning without errors. The Quarterly Journal of Experimental Psychology Section
A, 54(4), 1049–1068. https://doi.org/10.1080/713756014.
Meulemans, T., Van der Linden, M., & Perruchet, P. (1998). Implicit sequence learning in children. Journal of Experimental Child Psychology, 69(3), 199–221. https://
doi.org/10.1006/JECP.1998.2442.
Moisello, C., Crupi, D., Tunik, E., Quartarone, A., Bove, M., Tononi, G., & Ghilardi, M. F. (2009). The serial reaction time task revisited: A study on motor sequence
learning with an arm-reaching task. Experimental Brain Research, 194, 143–155. https://doi.org/10.1007/s00221-008-1681-5.
Nemeth, D., Janacsek, K., & Fiser, J. (2013). Age-dependent and coordinated shift in performance between implicit and explicit skill learning. Frontiers in Computational
Neuroscience, 7(October), 1–13. https://doi.org/10.3389/fncom.2013.00147.
Nissen, M. J., & Bullemer, P. (1987). Attentional requirements of learning: Evidence from performance measures. Cognitive Psychology, 19(1), 1–32. https://doi.org/10.
1016/0010-0285(87)90002-8.
R Core Team (2014). R: A language and environment for statistical computing. In R Foundation for Statistical Computing. Vienna: Austria. Retrieved from http://www.rproject.org/.
Reber, A. S., Walkenfeld, F. F., & Hernstadt, R. (1991). Implicit and explicit learning: Individual diﬀerences and IQ. Journal of Experimental Psychology: Learning,
Memory, and Cognition, 17(5), 888–896. https://doi.org/10.1037/0278-7393.17.5.888.
Steenbergen, B., Van Der Kamp, J., Verneau, M., Jongbloed-Pereboom, M., & Masters, R. S. W. (2010). Implicit and explicit learning: Applications from basic research

14

Human Movement Science 69 (2020) 102556

F. van Abswoude, et al.

to sports for individuals with impaired movement dynamics. Disability and Rehabilitation, 32(18), 1509–1516. https://doi.org/10.3109/09638288.2010.497035.
Sugawara, S. K., Tanaka, S., Tanaka, D., Seki, A., Uchiyama, H. T., Okazaki, S., ... Sadato, N. (2014). Sleep is associated with oﬄine improvement of motor sequence
skill in children. PLoS One, 9(11), e111635. https://doi.org/10.1371/journal.pone.0111635.
Thomas, K. M., & Nelson, C. A. (2001). Serial reaction time learning in preschool- and school-age children. Journal of Experimental Child Psychology, 79(4), 364–387.
https://doi.org/10.1006/jecp.2000.2613.
Unsworth, N., & Engle, R. W. (2005). Individual diﬀerences in working-memory capacity and learning: Evidence from the serial reaction time task. Memory &
Cognition, 33, 213–220.
Verneau, M., van der Kamp, J., Savelsbergh, G. J. P., & de Looze, M. P. (2014). Age and time eﬀects on implicit and explicit learning. Experimental Aging Research,
40(4), 477–511. https://doi.org/10.1080/0361073X.2014.926778.
Willingham, D. B., Nissen, M. J., & Bullemer, P. (1989). On the development of procedural knowledge. Journal of Experimental Psychology: Learning, Memory, and
Cognition, 15(6), 1047–1060. https://doi.org/10.1037//0278-7393.15.6.1047.
Wilson, P. H., Maruﬀ, P., & Lum, J. (2003). Procedural learning in children with developmental coordination disorder. Human Movement Science, 22(4–5), 515–526.
https://doi.org/10.1016/j.humov.2003.09.007.
Wulf, G., & Shea, C. H. (2002). Principles derived from the study of simple skills do not generalize to complex skill learning. Psychonomic Bulletin & Review, 9(2),
185–211.

15

