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Unraveling the time-of-day
influences on motor consolidation
through the motor-declarative
memory conflict

Charléne Truong¥“*, Charalambos Papaxanthis’%* & Célia Ruffino*

Competition between motor and declarative memory systems, both involved simultaneously in motor
learning, has been shown to reduce motor consolidation. Here, we investigated this conflict during the
learning of a sequential finger-tapping task (SFTT) scheduled for either the morning or the afternoon.
Sixty participants, divided into four groups, trained on SFTT at either 10 a.m. or 3 p.m., and retested
five hours later. To disrupt the conflict between the two memories, two groups underwent declarative
learning immediately after SFTT training, involving word list training (G10,, and G3,,), while the two
other groups (G10.; and G3y) experienced no additional learning. The results revealed that after
morning training without additional learning (C10.3), skill consolidation deteriorated, while the
addition of declarative learning (G10,,) significantly attenuated this decay, stabilizing consolidation.
Afternoon training showed skill stabilization for both groups (G3z and G3;,). These results suggest
that weaker consolidation after morning training may be due to an important competition between
motor and declarative memories within the same motor task.

The acquisition and mastery of motor skills requires practice!. The formation of a varied motor repertoire is devel-
oped and maintained over several timescales, ranging from a single session to extended periods, spanning days,
weeks, or even months?. Depending on the motor task, a single practice session can lead to rapid enhancements
in performance (e.g. accuracy and/or speed)*~ until the emergence of an asymptotic level®. This learning phase,
known as motor acquisition, represents the initial stage in the formation of new memories of motor skills (motor
memory or procedural memory). After acquisition, the consolidation of motor skill memory is unstable and sus-
ceptible to interference’. Retroactive interference, that is the disruption in retention of skill performance caused
by the immediate learning of a second task, demonstrates well that a skill memory is initially vulnerable®. Thus,
a consolidation period is necessary to transform this initially unstable memory into a robust motor memory>'°.
The simple passage of time during the day and/or a period of sleep stabilizes motor memory'"'? or even further
improves it, commonly referred to as off-line learning”"*.

Interference in the motor learning process is a well-study phenomenon. Typically, retroactive interference
produces partial forgetting' or limits off-line learning'®!*. For instance, the consolidation of a motor sequence,
such as a sequential finger-tapping task (SFTT), where participants learn to tap a specific sequence as accurately
and fast as possible, is interfered with by the acquisition of a second motor sequence introduced immediately
after the practice of the first one'®. Retroactive interference can arise not only within the same memory system
(i.e., competition between motor skills) but also between different memory systems (i.e., competition between
motor and declarative memories, the latter is the conscious memory of events and facts)'®. Brown and Robert-
son (2007) demonstrated that SFTT learning is disrupted by subsequent declarative learning, such as word list
training, and vice versa'’. Note that in the previous study'’, the SFTT task was purely motor, i.e., without any
declarative component (implicit learning).

Interestingly, motor and declarative memories can compete within the same motor task. Learning a new
musical piece on the piano is a representative example. The pianist must learn the partition and at the same time
perform well on the piano keyboard (speed, accuracy, and rhythm). In the laboratory, the SFTT can be designed
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to involve improvement in both motor execution (i.e., implicit/motor learning) and learning of the sequence
order (i.e., explicit/declarative learning). In this case, a competition between the declarative and motor memories
affects motor consolidation'®". Intriguingly, introducing declarative learning (e.g., word list learning) imme-
diately after the SFTT learning can improve skill consolidation®. This is because the declarative learning acts
on the declarative component of the SFTT during the consolidation phase, preventing so the conflict between
the two memories and allowing thus the development of offline motor learning during the consolidation phase.

Recently, using a SFTT engaging both motor and declarative components (i.e., explicit task), we found that the
consolidation, not the acquisition phase, was influenced by the time-of-day in which the practice took place?"?.
Precisely, we observed a stabilization and an improvement of motor skill 24 h after afternoon and evening train-
ing, respectively, while the motor skill deteriorated after morning training. We propose that this deterioration
may occur over time between the morning training and the subsequent night of sleep. Precisely, our investigation
aimed to ascertain whether the conflict between motor and declarative memory systems is more present in the
morning than in the afternoon. To explore this hypothesis, we employed declarative learning, by using word
list training, aimed to disrupt the conflict between the two memory systems®. This learning was administered
immediately after SFTT learning, engaging both motor and declarative components, and scheduled either in
the morning or the afternoon.

We hypothesized that if the weaker consolidation after morning training is due to a strong conflict between
motor and declarative memories within the SFTT, the declarative learning (i.e., word list training) would improve
motor consolidation compared to SFTT learning without additional declarative learning. In this case, we also
expected no differences in consolidation between morning and afternoon training.

Results

Sixty healthy adults performed a sequential finger-tapping task (SFTT) on a computer keyboard (Fig. 1a). Par-
ticipants were divided into four groups: two groups underwent a ‘Declarative learning’ session after a “Training’
session of SFTT, either at 10 a.m. (G10p) or at 3 p.m. (G3p; ), and two groups without any additional ‘Declarative
learning’ after a ‘Training’ session of SFT'T, either at 10 a.m. (G10¢rg) or at 3 p.m. (G3¢rp). Figure 1 illustrates and
details the experimental design. Hereafter, we present the main results for the skill, while the separate analysis
for speed and accuracy is detailed in the Supplementary information.

Figure 2a shows the average values (+ SD) of motor skill for the four groups (G10p;, G3p;, G101y, and G3¢rg)
and the three sessions (T1, T2, and T3). A repeated measures (rm) ANOVA revealed a significant main effect
of session (F,,1;,=306.86, p<0.001, n?=0.85) and an interaction effect group x session (F¢,,,=3.93, p=0.001,
n*=0.17) but no significant effect of group (F;5s=0.82, p=0.49, n*=0.04). Post-hoc analysis did not show a
significant difference between groups in T1 (p> 0.7 in all cases), indicating that the initial level of skill was com-
parable across groups. Moreover, all Bayesian equivalence tests between groups in T1 demonstrated that the over-
lapping hypothesis Bayes Factor (BF°!) was superior to 2.55 and the non-overlapping hypothesis Bayes Factor
(BFNOH ) was superior to 2.58. This suggests that the data are 2.6 times more likely to support the null hypothesis
than the alternative one and 2.6 times more likely to lie in the equivalence than in the non-equivalence region.

Skill significantly improved after training for all groups (post-hoc comparisons between T1 and T2: p <0.001).
Figure 2b further illustrates this result by depicting the average (+ SD) acquisition gains (T1_T2) in motor skill.
The comparison of the T1_T2 gain with the reference value zero (0) confirmed significant enhancement for all
groups (G10p: t=11.60, p<0.001, d =3.00; G3py: t=8.05, p<0.001, d=2.08; G10crg: t=9.77, p<0.001, d=2.52;
G3crg: t=7.48, p<0.001, d=1.93). The T1_T2 gain did not differ significantly between groups (one-way ANOVA:
F;56=0.27, p=0.85, n*=0.01; Bayesian equivalence tests: BFOH; >2.17 and BFNH, >2.19 in all cases). This
similar skill improvement during the ‘Training’ session suggests that the acquisition process is independent of
the time-of-day, as also indicated in a previous study?’.

Notable differences emerged between groups in motor skill consolidation. Specifically, there was a significant
deterioration in skill performance between T2 and T3 for the G10¢ry (post-hoc analysis: p <0.001), while there
was no significant difference between T2 and T3 for the G10p,, the G35, and the G3¢y (for all, post-hoc analysis:
p=0.26). This result indicates a partial forgetting for the G10.ry with the passage of time and consolidation for
the other groups. To further refine this finding, Fig. 2¢ illustrates the average (+ SD) consolidation gains (T2_T3).
The comparison of the T2_T3 gain with the reference value zero (0) revealed a significant deterioration for the
G10crg (t=—5.19, p<0.001, d =—1.34; 14/15 participants decreased their performance) and a marginal deteriora-
tion for the G10p; (t=—1.98, p=0.07, d=—0.51; 10/15 participants decreased their performance). On the other
hand, we observed a stabilization for the G3p,; (t=0.99, p=0.34, d=0.26; 8/15 participants increased their per-
formance) and the G3¢py (t=1.32, p=0.21, d=0.34; 6/15 participants increased their performance). These results
indicate that declarative learning after SFTT was beneficial for the G10p; group, as this group stabilized skill
motor memory in comparison to the G10¢y group. Indeed, one-way ANOVA on T2_T3 gain confirmed these
findings by indicating a group effect on the consolidation (F; 5s=9.75, p < 0.001, n?=0.34). The post-hoc analysis
showed more deterioration for G10¢rg than G10p; (p=0.02), while no difference was found between G3p; and
G3crr (p=0.68; Bayesian equivalence tests: BFOT; =2.72 and BFNO! | =2.77), suggesting that the declarative
learning modified the consolidation only after the morning training. It is worth noting that the G10p,; exhibited
marginally difference with weaker consolidation from G3p, (p=0.054; Bayesian equivalence tests: BF?H; =0.56
and BFNOH ), =0.56) and G3 ¢y (p=0.053; Bayesian equivalence tests: BEO'; =0.43 and BFNOH | =0.43). Finally,
G10¢rg showed significant weaker consolidation than G3¢ry (p <0.001), supporting a different effect of simple
passage of time on consolidation based on the time-of-day. Taken together, these results suggest that declarative
learning limited skill deterioration during the consolidation phase for the morning group, without any effect
for the afternoon group.
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Figure 1. Illustration of experimental device and procedure. (a) The sequential finger-tapping task. Each

key was affected to a specific finger of the participants’ left hand: 0 (thumb), 1 (index), 2 (middle), 3 (ring),

and 4 (little). Participants were instructed to tap the given sequence (1-3-2-4-1-0) as accurately and as fast as
possible. Six consecutive sequences composed one trial. Accuracy was quantified by the number of incorrect
sequences (Errors) within each single trial. Movement duration (MD) was delineated as the time from the
beginning (initial pressure on the key ‘0’) and the end (final pressure on the key 0’ after the 6th sequence) of
the trial. Motor skill was defined as a composite ratio of duration and accuracy. (b) Experimental procedure.
All participants performed a “Training’ session at 10 a.m. (G10p; and G10¢rg) or at 3 p.m. (G3p; and G3¢rp).
"Training’ session consisted of 48 trials, organized into 12 blocks of 4 trials each, with a 5-s rest between trials
and a 30-s rest between blocks. The pre-test (T1) and post-test (T2) encompassed the first two trials (1 and 2)
and the last two trials (47 and 48), respectively. Immediately after the “Training’ session, only G10p; and G3p;
received a ‘Declarative learning’ session involving the acquisition of a list of 16 words. Each word was presented
for 2 s, and participants were subsequently asked to recall as many words as possible. This list and recall
procedure was repeated 5 times, with the first recall designated as the pre-test for the declarative learning (T1py).
A free recall was also conducted 10 min later as the post-test for the declarative learning (T2p; ). No additional
session was presented for G10.rg and G3¢ry. Subsequently, 5 h later, all participants performed the ‘Retest’
session comprising two additional trials of finger-tapping task (T3).

It is important to emphasize that the different effects of declarative learning on SFTT according to time-of-
day are not attributable to differences in the acquisition of the word list. Indeed, Fig. 3 shows the average values
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Figure 2. Motor skill performance for the G10p;, G3p,;, G10crg and G3¢py groups. (a) Average values and
standard deviations (+ SD) of skill in T1, T2, and T3 for each group. (b) Average values and SD of the percentage
of acquisition gain in skill (T1_T2). (c) Average values and SD of the percentage of consolidation gain in skill
(T2_T3). Dots represent individual data. Stars indicate significant differences between sessions or groups (+
p<0.001; + p<0.05). Triangles indicate significant differences from the value zero (A p <0.001).

(+SD) of the number of words quoted in T1p; and T2p,. Permutation tests showed a significant improvement
in the number of words quoted at the end of learning for both groups (T1p; vs T2p; T <—4.80, p <0.001 in both
cases). Furthermore, no significant differences were observed between the groups for either the initial level (T1p;;
T=-0.63, p=0.59) or the level at the end of learning (T2,;; T=1.37, p=0.41).

Discussion

In this study, we investigated to what extent the conflict between motor and declarative memory impacts consoli-
dation during a sequential finger-tapping task (SFT'T) according to a morning (10 a.m.) or an afternoon (3 p.m.)
training. We showed a deterioration of motor skill (i.e., partial forgetting) 5 h after morning training (G10c1g)
compared to its stabilization for afternoon training (G3¢yy). Interestingly, declarative learning involving word
list training, applied immediately after the acquisition of the SFTT in the morning (G10p,), significantly attenu-
ated the deterioration (i.e., no forgetting) in skill performance normally observed after morning training (see
G10c1r). No modulation was induced by the declarative learning on consolidation for the afternoon training
(G3py). It is worth mentioning that these differences in consolidation cannot be attributed to different levels of
acquisition since performance either for the SFTT or the word list (declarative learning) was similar according
to the time-of-day of practice and groups.
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Figure 3. Average values and standard deviations (+SD) of the number of words recalled in T1p; and T2y, for
G10p; and G3p;. The star indicates significant differences between sessions (< p <0.001).

Scientific Reports |  (2024) 14:22195 | https://doi.org/10.1038/s41598-024-69336-0 nature portfolio



www.nature.com/scientificreports/

Considering the SFTT learning without additional learning (G10¢rr and G3¢rg), our results reaffirmed our
prior findings, in which we highlighted that the consolidation process varied according to the time-of-day of
practice*"?2. Specifically, our prior work revealed better skill consolidation, tested after a night of sleep, when
training was scheduled in the afternoon (stabilization of performance) and evening (enhancement of perfor-
mance; i.e., off-line learning), compared to a partial forgetting in memory retention (decline in motor per-
formance) following morning training. Interestingly, in the present study, this pattern remained consistent
even when the retention interval was limited exclusively to the wakefulness period. Indeed, when morning and
afternoon groups are compared with the same retention interval involving wakefulness without sleep, as in this
study, only the morning group exhibited a noticeable forgetting.

Consistently with the existing literature, our study supports that skill consolidation improvement can occur
when declarative learning is introduced following a SFTT engaging both motor and declarative components®.
However, it is worth mentioning that in our study, the control groups did not perform any additional task, such
as a vowel-counting task used in other studies?®*. Thus, we cannot exclude that engaging in any task (other than
word-list learning) might be enough to improve this consolidation. Brown et al.?’ used a word list training and
a vowel counting task after training on a finger-tapping task engaging both motor and declarative memories.
They showed enhanced motor consolidation on the finger-tapping task exclusively after the word list training,
suggesting that declarative learning (i.e., word list training) disrupts the competition between motor and declara-
tive memories during consolidation.

As described previously, we observed, specifically for morning training, a better consolidation, that is no
partial forgetting, in the presence of this declarative learning compared to no additional learning. Following
the literature, this phenomenon is explained by the fact that declarative learning (here, a word list) acts on the
declarative component of the SFTT, by blocking its interference on the motor memory, releasing thus the devel-
opment of offline motor learning during the consolidation phase'®.

The neurophysiological support that could explain these results may arise from the activation of the dorsolat-
eral prefrontal cortex (DLPFC), which acts as an intermediate structure linking motor and declarative memory
systems. The DLPFC plays a crucial role in facilitating the interaction between striatal and hippocampal systems
during the acquisition of a SFTT, thereby ensuring the consolidation of learning**-%. According to Tunovic et al.,
the disruption of DLPFC or the activation primary motor cortex (M1), by means of repetitive transcranial mag-
netic stimulation (rTMS), resulted in improved consolidation during wakefulness, as the declarative learning,
indicating that neural network involving these two structures regulates subsequent memory consolidation'.
We propose that the activation of this network may exhibit variation throughout the day influencing the con-
flict between motor and declarative memories, as already demonstrated in other cerebral structures during
movement” or in other networks with a variation of functional connectivity in rest-state?.

It is of interest that the conflict between motor and declarative memory systems arises in the morning but not
in the afternoon. Indeed, motor consolidation was stable after afternoon training and declarative learning had
no impact on subsequent consolidation (G3¢rg and G3;,). This result suggests a potentially better resistance to
memory conflict in the afternoon compared to the morning. A plausible hypothesis to explain this finding results
in the accumulation of physical activity across the day, which can impact processes crucial for motor learning®.
Indeed, the longer the duration between waking up and training, the greater the accumulation of daily motor
activity (more time when the training took place at 3 p.m. than 10 a.m.). Moreover, several studies highlighted the
beneficial effect of physical activity on consolidation, which could create a conducive environment for consolida-
tion by influencing the cellular mechanisms underlying plasticity, as shown with moderate and intense aerobic
activities performed prior to learning®. Recent findings by Chen et al. demonstrated that physical activity carried
out after learning can reduce the conflict between motor and declarative memories, optimizing the utilization of
neural resources®. Overall, these studies prompt us to consider the effects of accumulated daily activities, even
at lower intensities than aerobic activities, on further consolidation.

Additional factors could also explain our results, such as circadian cortisol variations. Sale et al. showed
plasticity variation in the primary motor cortex (M1) with modulation of corticospinal excitability (CSE) after
induction of long-term potentiation (LTP-like)*'. Their findings indicated a higher increase of CSE in the after-
noon compared to the morning, aligning with the natural diminution of cortisol across the day. Notably, this
modulation of CSE post-training can predict further consolidation'®'?. Additionally, Dolfen et al. increased the
cortisol level by stress induction during acquisition and showed an increase in the recruitment of motor areas
and a progressive disengagement of hippocampocortical networks during acquisition, proving unfavorable to
consolidation®. We can assume that the naturally high level of cortisol in the morning®' would then have a
detrimental impact on the consolidation process. The authors underline, however, that cortisol is not the only
factor in brain modulation, since participants who did not respond to stress with increased cortisol also showed
these brain modulations.

Opverall, we highlighted that the conflict between the motor and declarative memory systems during SFTT
learning played a role in the distinct patterns of consolidation observed throughout the day. Although we pro-
posed a few explanatory leads, a comprehensive investigation is necessary, focusing particularly on the modula-
tion of networks associated with motor consolidation. Specifically, delving into the roles of the DLPFC and M1,
as well as the interplay between the striatum and hippocampus, according to the time-of-day would provide
a deeper understanding of the varying degrees of conflict among different memory systems according to the
time-of-day and the specific forgetting observed following morning training. Moreover, it would be interest-
ing in future investigations to compare the specific impact of declarative learning tasks with tasks that do not
engage declarative memory. This approach would clarify the specific impact of declarative learning on motor
memory consolidation. Additionally, since the majority of participants in the current study had an intermediate
chronotype, it could be interesting to expand this research and include individuals with more extreme chrono-
types, such as morning or evening. For instance, the elderly population, presenting a more prominent morning
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chronotype®**, could be an interesting model to provide a more comprehensive understanding of the real link

between chronotype and memory consolidation, and thus, broaden the applicability of our findings.

Methods
Participants
Sixty (n=60) adults participated in our study after giving their written informed consent. All were right-handed
(mean score 0.8+0.2), as determined by their scores on the Edinburgh handedness questionnaire®, and free from
any neurological or physical disorder. Musicians and professional typists were intentionally excluded from the
experiments due to the specific motor task involving hand dexterity. We included four groups in our experimental
protocol: (i) the G10p,; group (n=15, 6 females and 9 males, mean age: 23 +7 years old), the participants of this
group were trained at 10 a.m. on the sequential finger-tapping task (SFTT) and just after they received a word list
training (declarative learning); (ii) the G3p; group (n=15, 9 females and 6 males, mean age: 23 + 3 years old), the
participants of this group were trained at 3 p.m. on the SFTT and just after they received the same word list train-
ing; (iii) G10crg group (n=15, 6 females and 9 males, mean age: 24 + 3 years old), the participants of this group
were trained at 10 a.m. on the SFTT only, without any additional training; (iv) the G3¢1g group (n=15, 5 females
and 10 males, mean age: 26 + 6 years old), the participants of this group were trained at 3 p.m. on the SFTT only,
without any additional training. The experimental protocol received approval from an ethics committee (Comité
de Protection des Personnes—Région EST) and adhered to the standards set by the Declaration of Helsinki.
All participants were explicitly instructed to abstain from consuming drugs or alcohol throughout the entire
duration of the experiment and the night preceding it. They were also requested not to alter their regular sleep
patterns at home, to engage in their typical daily activities (e.g., cooking, computer use, handicrafts), and to
refrain from participating in intensive physical activities during the 24 h leading up to the experiments. All
participants adhered to a standard diurnal activity schedule, alternating between 8 a.m.+1 hand 12am.+1h,
synchronized with the night. In addition, we examined the chronotype and the sleep quality of each participant
using the Morningness-Eveningness Questionnaire® and the Pittsburgh Sleep Quality Index™, respectively. There
were no significant differences observed between groups concerning chronotype (one-way ANOVA: F; 5,=0.55,
p=0.65,1*=0.03) and sleep quality (one-way ANOVA: F; 5c=1.50, p=0.22, n*=0.07). Detailed results from all
groups can be found in the Supplementary information in Table S1.

Experimental procedure

All participants were comfortably seated in front of a keyboard. We employed a computerized version of the
SFTT, previously used in our studies*"?2. Precisely, the participants were instructed to tap as accurately and as
fast as possible the following sequence with their non-dominant hand: 1-3-2-4-1-0. A specific finger is affected at
each key: 0-thumb, 1-index, 2-middle, 3-ring, and 4-little. A single trial comprised the completion of 6 sequences
in succession. At the onset of each trial, participants initiated a chronometer by pressing the key ‘0’ with their
thumb. Subsequently, they performed the 6 sequences consecutively. Pressing the key ‘0’ at the end of the 6%
sequence stopped the chronometer and marked the end of the trial (Fig. 1a).

All participants completed two sessions (Fig. 1b). During the “Training’ session, they carried out 48 trials
organized into 12 blocks of 4 trials. There was a 5-s rest interval between individual trials and a 30-s rest interval
between blocks. The scores from the first two trials (1 and 2) and the last two trials (47 and 48) constituted the
pre-test (T1) and post-test (T2), respectively. The remaining intermediate trials (n =44; 3-46) constituted the
training trials. After a retention interval of 5 h, all participants completed the second "Retest’ session consisting
of two trials (T3).

The groups G10crg and G3 ¢y exclusively carried out the “Training’ and ‘Retest’ sessions, to examine the effect
of the simple passage of time on the acquisition (training) and consolidation (retest) process according to the
time-of-day (i.e., acquisition at 10 a.m. or 3 p.m. and consolidation at 3 p.m. or 8 p.m., respectively) (Fig. 1b).

Regarding the two other groups (G10p; and G3p,;), ten minutes after the “Training’ session, each participant
learned (declarative learning) a list of 16 words (from the California Verbal Learning Test French version®**.
Words were presented on a computer screen for 2 s each, with participants recalling as many words as possible
after the list completion. Word presentation and recall were repeated five times. The first recall was designated
as the pre-test measure (T1p;). Subsequently, participants were prompted to recall the word list once more, 10
min following the last verbal recall, to recall the word list again 10 min after the final verbal recall, constituting
the post-test measure (T2p;) to assess the acquisition of the word list. Precisely, we wanted to alter the declarative
component of the previously acquired finger sequence learning with the word list training, hypothesizing that
this will facilitate motor skill consolidation during the simple passage of time?®.

Data recording

Movement accuracy and duration were computed for each trial. The accuracy (‘Error rate’) was defined as the
number of false sequences throughout one trial (0 =no false trial; 6 =all trials false). Any trial in which partici-
pants made one or more mistakes in a sequence was considered false (Fig. 1a). The error rate was calculated as
the percentage of errors relative to the total number of errors during a trial:

nb of errors
1b of errors x 100 1)

Error rate =

Movement duration was defined as the time elapsed (in seconds) from the start of the trial (when the par-

ticipant pressed the key ‘0’) to the end of the trial (when the participant pressed the key ‘0’ at the end of the 6th
sequence).
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These two parameters (Movement duration and Error rate) are related by the speed-accuracy tradeoff
function’. Consequently, motor skill improvement (i.e., the training-related change in the speed-accuracy trade-
off function) is not possible when duration and accuracy change with the same magnitude in opposite directions.

For that reason, we calculate a composite ratio (in arbitrary units, a.u) to characterize motor skill as follows?"?>41:
1— (nb of errors)
6
Skill = , (2
duration
In this formula, skill increases if the duration decreases and/or if the number of errors decreases.
Gains between sessions were calculated following a simple proportional formula:
. T2 — Tl o . o
Gain T1_T2 = — % 100; it indicates the amount of skill acquisition (3)
. T3 -T2 o . L

Gain T2_T3 = 5 x 100; it indicates the amount of skill consolidation (4)

Statistical analysis

For all data, we verified the normality and sphericity using the Shapiro-Wilk and Mauchly’s tests, respectively,
and then applied the appropriate statistical analysis. The significance level was fixed at 0.05 and the observed
power was superior to 0.8. We first applied a repeated measures (rm) ANOVA on the skill with group as between-
subjects factor (G10p;, G3p;, G10crg and G3¢rr) and session as within-subjects factor (T1, T2, and T3). Gains
in motor skill (T1_T2 and T2_T3) were compared with the reference value zero’ (t-tests). Additionally, we used
one-way ANOVA between groups. Post-hoc analyses were carried out using Newman-Keuls tests.

We also performed the same analyses on the movement duration (see Supplementary information). Given
that the error rate did not conform to a normal distribution (Shapiro-Wilk test, p <0.05), we used two-tailed
permutation tests (5000 permutations; MATLAB function mult_comp_perm_t1). P values were corrected for
multiple comparisons using the Benjamini-Hochberg False Discovery Rate (MATLAB function fdr_bh) (see
Supplementary information). The same permutation test was employed for the word list acquisition (T1p; and
T2p;) to ensure that both groups acquired the same level of declarative learning.

The ANOVA effect size is expressed in terms of partial eta squared (n?) and is categorized as small (>0.01),
moderate (>0.07), or large (= 0.14). For t-tests, effect sizes were measured using Cohen’s d and classified as small
(=0.20), moderate (= 0.50), or large (= 0.80). In cases where null effects were found, Bayesian equivalence analysis
was conducted with a practical equivalence region (ROPE) of [-0.1, 0.1] and a Cauchy scale before 0.707*% This
type of analysis quantifies the evidence in favor of the null hypothesis and discriminates the ‘absence of evidence’
and the ‘evidence of absence) thereby strengthening and enhancing the reliability of conclusions.

Data availability
The datasets generated and analysed during the current study are available from the corresponding author upon
reasonable request.
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