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Motor fluency makes it possible to integrate the components
of the trace in memory and facilitates its re-construction
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Abstract

The aim of this work was to test the hypothesis that motor fluency should help the integration of the components of the
trace and therefore its re-construction. In the encoding phase of each of the three experiments we conducted, a word to be
remembered appeared colored in blue or purple. Participants had to read these words aloud and, at the same time, execute
a gesture in their ipsilateral (fluent gesture) or contralateral space (non-fluent gesture), according to the color of the word.
The aim of the first experiment was to show that the words associated with a fluent gesture during the encoding phase were
more easily recognized than those associated with a non-fluent gesture. The results obtained supported the hypothesis. In the
second experiment, our objective was to show that the fluency of a gesture performed during encoding in order to associate
a word with a color can facilitate the integration of the word with its color. Here again, the results obtained supported the
hypothesis. While in Experiment 2 we tested the effect of motor fluency during encoding on word-color integration, the
objective of Experiment 3 was to show that motor fluency was integrated in the word-color trace and contributed to the re-
construction of the trace. The results obtained supported the hypothesis. Taken together, these findings lead us to believe that
traces are not only traces of the processes that gave rise to them, but also traces of the way in which the processes took place.

Keywords Memory trace - Motor fluency - Component integration - Transfer appropriate fluency

Introduction

For several decades, memory has been considered as a set of
contents stored in specific registers and therefore addressable
and retrievable as they were. However, this conception has
been challenged by assigning to memory a dynamic char-
acter. Thus, for the first model our memories are a copy of
past experiences, while for the second model our memories
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are reconstructions of past experiences. Our work is part of
the second model.

But, if it is a re-construction, then by what mechanism
does a specific episode (episodic memory) emerge in the
here and now, and what are the factors that facilitate this
re-construction? The purpose of this work is to contrib-
ute to our understanding of this issue by showing that this
re-construction is all the more efficient when fluency dur-
ing encoding facilitates the integration of the components
involved in the experiment and when this fluency is pre-
sent during retrieval. In particular, we will try to show that
motor fluency plays an essential role in this integration and
re-construction. In other words, we test the hypothesis that
traces are not only traces of the processes that gave rise to
them but also traces of the way in which the processes took
place (i.e., fluency).

An alternative to structural models of memory (e.g., SPI
model, Tulving, 1995) emerged in the 1980s in the form
of multiple-trace models in which a single memory system
stores traces of all the sensorimotor components of experi-
ences of our interactions with the environment (i.e., episodic
traces; see, e.g., Rey, Riou, Cherdieu, & Versace, 2014b;
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Rey, Riou, Vallet & Versace, 2017; Rey, Riou, & Versace,
2014a; Rey, Riou, Muller, Dabic, & Versace 2015a, Rey,
Vallet, Riou, Lesourd, & Versace, 2015b; Riou, Rey, Vallet,
Cuny, & Versace, 2015). Memory traces are assumed to be
stored in multi-sensory components and distributed over the
entire brain, while knowledge emerges from the associa-
tion of the recovery situation with the set of re-activated
episodic traces (e.g., MINERVA — Hintzman, 1984, 1986,
1988; VISA — Whittlesea, 1989; Act-In — Versace, Vallet,
Riou, Lesourd, Labeye & Brunel, 2014; ATHENA — Briglia,
Servajean, Michalland, Brunel, & Brouillet, 2018). Indeed,
in multiple-trace memory models, the content of the traces
relates more to the content of the experience that gave rise to
the trace than the actual content of the trace. In other words,
the trace should be considered more as something that is
likely to be reconstructed or to emerge if the situation is
conducive to this than as concrete content that is stored and
therefore addressable, recoverable as it is (De Brigard, 2014;
Versace, Brouillet & Vallet, 2018; Versace et al., 2014).
The likelihood that a trace can be specifically re-con-
structed depends on multiple factors involved in what is com-
monly called encoding. Since the 1970s, several factors that
increase the efficiency of encoding have been highlighted:
the encoding specificity principle (Tulving & Thompson,
1972), the depth of processing (Craik & Lockhart, 1972),
elaborate encoding (Craik & Tulving, 1975), dual coding
(Paivio, 1991), the enactment effect (for a review, see Zim-
mer, Cohen, Guynn, Engelkamp, Kormi-Nouri & Foley,
2001). However, memory efficiency also depends on another
factor that seems to play a key role, namely the level of
integration of the components of the trace, i.e., the strength
of the link between the components (for a discussion, see,
e.g., Versace, Labeye, Badard, & Rose, 2009; Versace et al.,
2014). The more integrated the features are, the easier it
will be for the trace as a whole to be reconstructed, and the
more likely it is that it will be dissociated from other traces,
thus allowing the emergence of a multimodal and unitary
experience that is highly distinctive from the other experi-
ences (Purkart, Vallet, & Versace, 2019). Moreover, classic
neuroimaging and event-related potential (ERP) studies have
highlighted that when different information is unitized at
the time of encoding (i.e., it is represented as a single event
rather than as separate events), the feeling of familiarity is
improved, and consequently memory is enhanced (Bader,
Opitz, Reith, & Mecklinger, 2014; Diana, Yonelinas, &
Ranganath, 2008; Haskins, Yonelinas, Quamme, & Ranga-
nath, 2008; Rhodes & Donaldson, 2007). In multiple-trace
memory models, and especially in the Act-In model, all the
factors mentioned above are assumed to facilitate the re-
construction of the trace by increasing the number and the
quality of the trace's components as well as by facilitating
their integration (see, e.g., Macri, Claus, Pavard, & Ver-
sace, 2020; Macri, Pavard, & Versace, 2018; Mather, 2007;

Versace & Rose, 2007). What we call “re-construction” is
related, from an embodied and situated perspective of cogni-
tion, to the concept of “simulation”! (Barsalou, 1999). That
amounts to saying that our memories emerge from sensori-
motor simulations of past experiences in the present situa-
tion (Versace, Brouillet, & Vallet, 2028).

If the importance of performing an action to recover
memories about actions is well documented (for a review,
see Engelkamp, 1998; Zimmer et al., 2001), the role of
action for memory is still debated, whether for working
memory or for long-term memory. Some authors failed to
highlight the role of motor program for memory (Canits
et al., 2018; Pecher, 2013; Pecher et al., 2013; Quak et al.,
2014; Zeelenberg & Pecher, 2016). Others, on the contrary,
highlight the importance of action in the construction of
memory traces (Brouillet, Michalland, Guerineau, Thébault,
& Moruth, 2018; Camus, Hommel, Brunel, & Brouillet,
2018; Dutriaux, Dahiez, & Gyselinck, 2019; Gimenez &
Brouillet, 2020; Kormi-Nouri, 1995; Kormi-Nouri & Nils-
son, 1998, 2001; Labeye, Oker, Badard, & Versace, 2008;
Mecklinger, Gruenewald, Weiskopf, & Doeller, 2004; She-
bani & Pulvermiiller, 2013; van Dam, Rueschemeyer, Bek-
kering, & Lindemann, 2013). Finally, it would seem that
although motor simulation plays a role in memory, it is
neither necessary nor automatic; it may play a role depend-
ing on the task (Montero-Melis, Van Paridon, Ostarek, &
Bylund, 2022).

In this paper we focus on a process that seems to play
a core role at the encoding stage, called “encoding flu-
ency” (e.g., Koriat & Ma’ayan, 2005), “Encoding fluency
refers to the ease with which to-be-remembered items are
mastered during study” (Koriat & Ma’ayan, 2005, p.479).
Several studies have shown that the faster an encoding pro-
cess is achieved, the greater the probability of retrieving
that encoding is (Hertzog, Dunlosky, Robinson, & Kidder,
2003; Matvey, Dunlosky, & Guttentag, 2001). Moreover,
there is now a substantial body of work that attests, at the
neural level, to the importance of fluency in the memo-
rization process (Li, Taylor, Wang, Aao, & Auo, 2017;
Nessler, Mecklinger, & Penney, 2005; Rosburg, Meck-
linger, & Frings, 2011; Wang, Li, Hou, & Rugg, 2020).
More precisely, it seems that it is the interaction between
the perirhinal cortex (PrC) and the lateral prefrontal cortex
(PFC) that plays an important role when fluency induces

! Regarding embodied approaches of language, a growing number
of studies have highlighted that when we read a word, brain simu-
lates the same sensorimotor systems that are involved when interact-
ing with real objects represented by the word. Thus, a large overlap
between the brain areas involved in language and action is regularly
observed (see Harpaintner, Sim, Trumpp, Ulrich, & Kiefer, 2020;
Henningsen-Schomers & Pulvermiiller, 2021; Pulvermiiller, 2005,
2010, 2013).

@ Springer



338

Memory & Cognition (2023) 51:336-348

a feeling of familiarity (Meckliger & Bader, 2020). All
these data lead us to the hypothesis that a fluent gesture at
encoding should facilitate the subsequent reconstruction
of the episode, and even more so when this reconstruction
involves the integration of the components of the trace, as
predicted by multiple-trace memory models.

To investigate this, we used a well-documented paradigm
known as “laterality and hand dominance”: an individual’s
most fluent actions are those executed with the dominant
hand on the dominant side. For example, for a right-hander,
movement of the right hand on the right side (i.e., ipsilateral
movement) will not only be faster (Fisk & Goodale, 1985)
than movement of the right hand on the left side (i.e., con-
tralateral movement), but will also enhance memory (Brouil-
let, Milhau, Brouillet, & Servajean, 2017; Brouillet, Michal-
land, Martin, & Brouillet, 2021; Chen & Li, 2021; Susser,
2014; Susser & Mulligan, 2015; Susser, Panitz, Buchin, &
Mulligan, 2017; Yang, Gallo, & Beilock, 2009). However,
Hayes et al. (2008) showed that the fluency effect associ-
ated with ipsilateral gestures was no longer present when an
obstacle was interposed between the start of the action and
the target to be reached.

The aim of the first experiment was to show that a word
associated with a fluent gesture during an encoding phase
is more easily recognized than a word associated with a
non-fluent gesture. During the encoding phase, the par-
ticipants were presented with 32 words colored in blue or
purple. They had to read the words aloud and take a token
from a centrally located transparent plastic box with their
right hand. They had to put it in one of two colored boxes
(one in blue and the other in purple) according to the color
of the word. The colored boxes were placed to the right and
to the left of the transparent box. The participants there-
fore executed an ipsilateral or contralateral gesture and the
gesture was or was not impeded by an obstacle (a bottle).
During the test phase, the participants saw 64 words (32
old and 32 new) presented in a dark color on a sheet of
paper and, for each, were asked if they had been presented
during the learning phase. Motor fluency was therefore
manipulated during the encoding phase by means of two
factors: the gesture (either ipsilateral or contralateral) and
the presence or absence of an obstacle in the path of the
gesture. As the two factors should impact the fluency of the
gesture independently of each other, we predicted that they
would have additive effects on recognition.

In the second and third experiments, the encoding
phase was the same as for Experiment 1, except that only
the ipsilateral or contralateral nature of the gesture was
manipulated (there was no obstacle). In Experiment 2, our
objective was to show that the fluency of the gesture per-
formed during encoding in order to associate a word with
a color improves later recognition by facilitating word-
color integration. To this end, half of the words (old and
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new) were colored in blue and the other half in purple
during the test phase. Thus, half of the old words were
presented with their encoding color and the other half
with the other color. Finally, the objective of Experiment
3 was to show that motor fluency was part of the word-
color trace. In the recognition phase, participants had to
respond yes (for old words) or no (for new words) using
two colored keys that required an ipsilateral or contralat-
eral gesture to respond, and whose color corresponded
either with the encoding color of the word or the other
color used in the encoding phase.

Experiment 1

The aim of the first experiment was to show that a word
associated with a fluent gesture during an encoding phase is
more easily recognized than a word associated with a non-
fluent gesture.

Method
Participants

We performed power analysis with G*Power software (Faul,
Erdfelder, Lang, & Buchner, 2007) to determine the total
sample size (two groups and four measures). For an effect
size of 0.25,% a probability of 0.05, and a power of 0.95,
G*Power indicates 36 participants. Thus, 36 participants
took part in this experiment and were randomly assigned to
one of two groups (with or without an obstacle, see Proce-
dure). They were not informed of the purpose of the experi-
ment. The age of the participants in each group ranged from
18 to 30 years (mean for obstacle group: 24.5 years, SD:
1.58; mean for non-obstacle group: 25.3 years, SD: 2.02).
The number of women and men was similar in each group
(obstacle group: 14 women and four men; non-obstacle
group: 12 women and six men). All participants were native
French speakers and all were right-handed. Their vision was
normal or corrected to normal. They gave their informed
consent to take part in this experiment and duly signed the
Laboratory’s Charter of Ethics.

2 We used an effect size of 0.25 as in Lanska and Westerman (2018)
and Brouillet et al. (2021). But, to overcome the possible inadequacy
of a binary rejection or acceptance of HO (i.e., p>.05 vs. p<.05),
we used Bayesian inference. Indeed, in the Bayesian framework, the
value of hypotheses is updated based on the success of the prediction:
hypotheses that predict the observed data relatively well are more
credible than those that predict the data relatively poorly (Wagen-
makers, Morey, & Lee, 2016). Moreover, it is now established that
the Bayesian framework is a relevant complement to the frequentist
p-value (Dienes, & Mclatchie, 2018).



Memory & Cognition (2023) 51:336-348

339

Material

The material consisted of: (a) a computer screen (24-in.,
75 Hz, 44.7x33.5 cm), (b) 75 white 2-cm diameter tokens;
(c) three plastic boxes (20.5x9.7 X 3.6 cm): one transparent,
one blue, one purp1e3; (d) 64 words of neutral valence from
Bonin's norm (2003): Mean Concreteness (4.554), Mean
Imaging (4.097), Mean Subjective Frequency (3.106), Mean
Emotional Valence (3.135).

The 64 words were divided into two groups of 32 words
each according to the nature of the words: NEW versus
OLD (cf., Procedure). They were matched on concreteness,
imagery, subjective frequency, and emotional valence. The
order of presentation was counterbalanced among partici-
pants during the learning phase.

Procedure

Participants were received individually in a quiet room and
were seated in front of a table on which was installed: (a) a
computer screen (22-in., 44.7x33.5 cm) in front of the par-
ticipant at a distance of 60 cm from their eyes; (b) the three
boxes, laid lengthwise. The transparent box containing the
white tokens was placed 10 cm from the edge of the table
and the middle of its length corresponded to the middle of
the length of computer screen. The blue box was situated to
the right of the transparent box and the purple box to the left
of the transparent box. The midpoints of each of these two
boxes were located 40 cm from the middle of the transparent
box (the position of these two boxes was counterbalanced
among participants).

Once the participants were settled and comfortable, the
experimenter explained to them that they should use only
their right hand and asked them to keep their left hand on
the thigh of their left leg. After that, he started the experi-
ment and the participants could read the instructions on the
screen. They were told that the experiment would consist
of two phases: a learning phase and a recognition phase.
They were told that in the learning phase, a fixation cross
(displayed for 250 ms) would appear, followed by a word
(font type: Calibri, size: 72 pt) colored in blue (16 words)
or purple (16 words). The words colored in blue for half of
the participants were colored in purple for the other half.
Participants had to read them aloud and simultaneously take
a token from the transparent plastic box with their right hand
and put it in the box of the same color as the word. They
thus executed 16 gestures in their ipsilateral space and 16
gestures in their contralateral space. They only had 3 s to
put the token in the box after the word disappeared and a

3 We used the same colors as Brouillet et al. (2015) and Michalland
et al. (2019).

new fixation cross appeared followed by a new word. For
half of the participants (obstacle group), bottles were placed
between the transparent and the colored box to create an
obstacle at an equal distance from the two boxes (20 cm).
They therefore had to reach around the obstacle to put the
token in the box. Three minutes after the last word had been
presented, a message appeared on the screen indicating that
the learning phase was over. The experimenter removed the
boxes and the bottles from the table and gave the participants
a sheet of paper on which 64 words were printed in a dark
color (Times New Roman 12 pt): the 32 words of the learn-
ing phase (OLD) and 32 other words (NEW). The order of
the words was counterbalanced between four lists, gener-
ated using the Excel RAND function, meaning that only
four participants saw the same list in the same order during
the recognition phase.

Participants were asked to circle "Yes" if they thought the
word had been presented in the learning phase and "No" if
they thought the word had not been presented in the learn-
ing phase. No time limit was imposed on the participants’
responses.

Experimental design

Two within-subject experimental factors were manipulated:
(a) the nature of the words during the recognition phase
(OLD vs. NEW), and (b) the gestural space during the learn-
ing phase (Ipsilateral vs. Controlateral) and consequently the
color of the words to be learned. For half of the participants,
16 of the 32 words to be learned were colored blue (i.e., fol-
lowed by an ipsilateral gesture) and 16 were colored purple
(i.e., followed by a contralateral gesture). These colors were
reversed for the other half of the participants. It should be
noted that this factor does not concern the New words. One
between-subject experimental factor was manipulated: pres-
ence of the obstacle during the learning phase (with vs with-
out). Participants had to judge 64 words printed in a dark
color. Of these 64 words, 32 were OLD and 32 were NEW.

Results

Statistical analyses were carried out using JASP software
(Wagenmakers et al., 2018a, 2018b). We performed an
ANOVA followed by a Bayesian ANOVA. The Bayes factor
(BF,) is the ratio of p (D|H1), the probability of observing
the data under the alternative hypothesis, and p (D|HO), the
probability of observing the data under the null hypothesis.
The Bayes factor is consequently a measure of the prob-
ability that the data matches the alternative hypothesis
rather than the null hypothesis (Rouder, Speckman, Sun,
Morey, & Iverson, 2009). In accordance with the recom-
mendations made by Schonbrodt and Wagenmakers (2018),
a BF10> 10 will be interpreted as strong evidence for the
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Table1 Mean of "Yes” Responses (maximum 16) for Old words
according to the presence of the obstacle during the learning phase
(With or Without) and the gestural space (Contralateral vs. Ipsilat-
eral). SEs are presented in brackets

Obstacle
Without With
Gesture Contralateral 10.94 (1.79) 8.88 (2.44)
Ipsilateral 12.94 (2.04) 10.88 (2.44)

alternative hypothesis, 3 <BF10 < 10 as moderate evidence
for the alternative hypothesis, and a BF10 < 3 as anecdotal
evidence for the alternative hypothesis, with a BF10 close
to 1 considered as no evidence.

Since the obstacle and gestural space variables were
not meaningful for the NEW words, we only present the
results for the OLD words (Table 1). However, we observed
without doubt that OLD words were, on average, recog-
nized better than NEW words: 10.90 (2.06) versu 0.84
(0.83), 1(35)=26.20, p<0.001, °, = 0.95, BF ,=2.24**'
and that there was no difference, on average, between the
groups (with or without obstacle) regarding the NEW words:
0.88(0.90) versus 0.77(0.80), t(34)=0.39, p=0.70, ;72,, =
0.004, BF,;,=0.34.

The analysis revealed a significant main effect of gestural
space, F(1,34)=21.60, p<0.001, nzp =0.38, BF,;,=733.70.
OLD words that had been associated with an ipsilateral
gesture during the learning phase were recognized bet-
ter than OLD words associated with a contralateral ges-
ture during the learning phase. A main effect of obstacle
was also observed, F(1,34)=12.09, p=0.001, 172p =0.26,
BF,;,=14.07. The group with obstacle recognized fewer
OLD words than the group without obstacle. The interac-
tion between gestural space and obstacle was not significant,
F(1,34)=0.004, p=0.95, ;72,, =0.0001, BF,;,=0.12.

Experiment 1: Discussion

As expected, the results show, on the one hand, that the
words associated with an ipsilateral gesture during the
encoding phase were recognized more easily than those
associated with a contralateral gesture; on the other hand,
word recognition was lower when the gesture was hindered
by the obstacle. Experiment 1 therefore confirms that the
motor fluency of the encoding process facilitates the subse-
quent reconstruction of the episode.

But does motor fluency during encoding make subsequent
recognition easier by facilitating the integration of the word
with its color? Experiment 2 attempted to answer this ques-
tion. The encoding phase was the same as for Experiment
1, except that only the ipsilateral or contralateral nature of
the gesture was manipulated and half of the old words were

@ Springer

presented with their encoding color during the test phase
and the other half with the other color. Our predictions were
as follows: old words presented in the same color as in the
learning phase should be recognized better if the color and
the word were strongly integrated, that is, if the gesture asso-
ciating the word with its color was fluent during encoding
(ipsilateral). By contrast, old words presented with a color
different from that of the learning phase should be less well
recognized if the new color was strongly integrated with
another word during encoding, that is to say, when the ges-
ture associated with this color was not fluent (contralateral).
For new words, there should be more false recognitions for
words presented in a color that was strongly integrated with
words that induced an ipsilateral gesture in the encoding
phase.

Experiment 2

The aim of this experiment was to show that the fluency
of the gesture performed during encoding and that helps
associate a word with a color improves later recognition by
facilitating the integration of the word with its color.

Method
Participants

We conducted a power analysis with G¥Power software
(Faul, Erdfelder, Lang, & Buchner, 2007) to determine the
total sample size (three crossed factors). For an effect size
of 0.25, a probability of 0.05, and a power of 0.95, G*Power
indicates 28 participants. Thirty-four participants took part
in this experiment. They were not informed about the pur-
pose of the experiment. The age of the participants ranged
from 18 to 28 years, mean: 22.1 years, SD: 3.67 (24 women
and 10 men). All participants were native French speakers
and all were right-handed. Their vision was normal or cor-
rected to normal. They gave their informed consent to take
part in this experiment and duly signed the Laboratory’s
Charter of Ethics.

Material

For the learning phase, the material was the same as that
used in Experiment 1 (i.e., 16 words colored in blue and
16 words colored in purple). However, we did not use the
two bottles from Experiment 1. For the recognition phase,
the material was the same as that used in Experiment 1,
except that the words were not presented in a dark color
but instead in a color used in the learning phase (blue vs.
purple). Consequently, 16 NEW words and 16 OLD words
were printed in blue and the other 16 NEW and OLD words
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Table2 Mean of "Yes” Responses (maximum 8) for Old words as a function of the compatibility of the colors in the learning and recognition
phases (matching vs. mismatching) and the color associated with the gestural space during the learning phase (Contralateral vs. Ipsilateral)

Color matching (OLD)

Color mismatching (OLD)

Color associated with Contralateral Gesture 5.82 (1.08)
Color associated with Ipsilateral Gesture 6.52 (1.10)
Color associated with Contralateral Gesture 4.67 (1.38)
Color associated with Ipsilateral Gesture 3.47 (1.10)

were printed in purple. The color of the NEW/OLD words
was counterbalanced between two lists of words. Finally, the
order of presentation of the words in each list was counter-
balanced across four lists, which were generated using the
Excel RAND function.

Procedure

For the learning phase, the procedure was the same as that
used in Experiment 1, except that in this new experiment
participants did not have to reach around an obstacle to put
the tokens into the appropriate boxes. They only had to put
tokens from the transparent box in the blue or purple box
depending on the color of the word presented on the com-
puter screen.

For the recognition phase, half of the 16 OLD words that
had been presented in blue during the learning phase were
presented in blue (eight words) and the other half were pre-
sented in purple (eight words). Similarly, half of the 16 OLD
words which had been presented in purple during learning
were presented in purple (eight words) and the other half
were presented in blue (eight words). Thus, 16 OLD words
were in the same color as in the learning phase (matching)
and 16 OLD words were in a different color from in the
learning phase (mismatching). In the case of the NEW words
(32 words), half were presented in blue (16 words) and the
other half were presented in purple (16 words). The words
colored in blue for half of the participants were colored in
purple for the other half.

Experimental design

The manipulated within-subject experimental factors were:
(a) the gestural space during the learning phase (Ipsilateral
vs. Contralateral) and consequently the color of the words to
learned (blue or purple associated with an ipsilateral gesture
vs. blue or purple associated with a contralateral gesture),
(b) the nature of the words during the recognition phase
(OLD vs. NEW), (c) the color of the words during the rec-
ognition phase (blue or purple). As the color of the words to
be recognized did not have the same status for the Old as for
the New words, two separate analyses were performed, one
for the OLD words and one for the NEW words. Indeed, it
is only with OLD words that we can test the effect of color

matching/mismatching and consequently the integration of
the color in the word (Table 2). An analysis of the NEW
words should enable us to confirm the effect of the motor
fluency associated with the color.

Results

As in Experiment 1, statistical analyses were carried out
using JASP software (Wagenmakers et al., 2018a, 2018b).
Although our hypotheses were different depending on the
nature of the OLD and NEW words, we checked that OLD
words were recognized better than NEW words, which was
indeed the case: F(1,31)=482.88, p<0.001, nzp = 0.94,
BF,,=1.62"%

Results for the OLD words

The analysis revealed a main effect of color matching,
F(1,33): 80.17, p<0.001, 5°, = 0.70, BF ;=3.51""*: the
words were recognized better when the colors in the learn-
ing and recognition phases matched than when they mis-
matched. No main effect of the color-associated gesture was
observed, F(1,33): 1.37, p=0.25, ;72p = 0.04, BF,;,=0.26.
The interaction between color matching and color-associated
gesture was significant, F(1,33): 26.84, p<0.001, 772[, =0.44,
BF;,=5.84""7_ Post hoc comparisons showed that when the
color was associated with an ipsilateral gesture, the words
were recognized better when the colors in the learning phase
and recognition phases matched than when they mismatched,
t (33)=10.24, p<0.001, r°, = 0.76, BF ;,=8.17*%. The
same was true for the color associated with a contralateral
gesture: matches yielded better recognition than mismatches,
t (33)=3.84, p<0.001, ;7217 = 0.30, BF,;,=61.78. Moreo-
ver, the statistical analyses show that when the colors in the
learning and recognition phases matched, the words were
recognized better when the color was associated with an
ipsilateral gesture than a contralateral gesture, t (33) =3.07,
p<0.005, ;72]) =0.22, BF;,=9.11. However, when the colors
in the two phases mismatched, the words were recognized
better when the color was associated with a contralateral
than an ipsilateral gesture, t (33)=3.69, p<0.001, 1721, =
0.29, BF;,=39.26.
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Results for the NEW words

Statistical analysis confirmed that NEW words presented
with a color associated with an ipsilateral gesture led partici-
pants to produce more false recognitions than NEW words
presented with a color associated with a contralateral ges-
ture: 5.50 (2.36) versus 1.31 (1.40), t(31)=9.74, p<0.001,
n°,=0.75, BF ,=1.68"".

Experiment 2: Discussion

The results fully confirm our predictions. When Old words
appeared in the recognition phase with the same color as
they had in the learning phase, they were recognized better
when the gesture associating the word with its color was
fluent during encoding (ipsilateral) than when it was not
(contralateral). Motor fluency during encoding did facilitate
the re-integration (re-association) of the word with its color
during recognition. By contrast, old words presented with a
color different from that of the learning phase were recog-
nized better when the new color was weakly integrated with
another word during encoding (when the gesture associated
with this color was contralateral). As far as New words are
concerned, we observed more false recognitions when they
were presented in a color that was strongly integrated with
words in the encoding phase (fluent gesture, that is to say
ipsilateral).

All these results support our prediction that motor fluency
during encoding strengthens word-color integration. How-
ever, the question of whether motor fluency is part of the
trace remains. Experiment 3 addresses this issue. The encod-
ing phase was the same as in Experiment 2. However, in the
recognition phase, participants had to associate a color with
the nature of the response to be performed (e.g., blue for
"Yes, the word was present in the encoding phase" and pur-
ple for "No, the word wasn't present in the encoding phase").
The colored key was on the left or right of the keyboard,
thus requiring the participants to produce an ipsilateral or
contralateral gesture in order to respond. Thus, for the old
words, the color associated with the response requiring an
ipsilateral gesture (fluent) was either their encoding color
(when the gesture executed to put the token in the box was
fluent), or the color of another word in the encoding phase,
when the gesture executed to put the token in the box was
not fluent (contralateral). Our predictions for old words were
as follows: when the color of the response key required the
same gesture as the gesture strongly integrated with the color
and the word in the encoding phase (e.g., ipsilateral gesture),
the words should be better recognized than when the color
of the response key required a gesture strongly integrated
with the color of another word in the encoding phase (con-
tralateral gesture). Furthermore, we expected that when the
response key required an ipsilateral gesture, words should

@ Springer

be recognized better than when the response key required
a contralateral gesture. For the new words, our prediction
was that there should be more false recognitions when the
color of the response key required an ipsilateral rather than
a contralateral gesture.

Experiment 3

The aim of this experiment was to show that motor fluency
is part of the word-color trace.

Method
Participants

We performed a power analysis with G¥Power software
(Faul, Erdfelder, Lang & Buchner, 2007) to determine the
total sample size (four groups and two measures). For an
effect size of 0.25, a probability of 0.05, and a power of
0.95, G*Power indicates 76 participants. Thus, 76 partici-
pants took part in this experiment, randomly distributed
into four groups (19 participants per group). They were not
informed about the purpose of the experiment. The age of
the participants in each group ranged from 19 to 25 years
(group 1: mean: 22.1 years, SD: 1.78; 13 women and five
men; group 2: mean 23.4 years, SD: 2.12; 12 women and
six men; group 3: mean 22.6, SD: 1.97; 14 women and four
men; group 4: mean: 23.3 years, SD: 2.08; 13 women and
five men). All participants were native French speakers and
all were right-handed. Their vision was normal or corrected
to normal. They gave their informed consent to take part in
this experiment and duly signed the Laboratory’s Charter
of Ethics.

Material

For the learning phase, the material was the same as that
used in Experiments 1 and 2. For the recognition phase, the
material was the same as that used in Experiment 1 and the
words were presented in a dark color, font type Times New
Roman, size 18 pt. However, unlike in Experiments 1 and
2, the participants had to answer on an AZERTY computer
keyboard without keypad (28.5x 122 cm). The two keys
to be pressed were located on the right (M, colored in blue)
and on the left (Q, colored in purple) of the keyboard.

Procedure

For the learning phase, the procedure was the same as that
used in Experiment 2. During the recognition phase, a fix-
ation cross was first displayed (250 ms), followed by the
words (32 OLD and 32 NEW presented in a random order),
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Table3 Mean of "Yes” Responses (maximum 16) for Old words
depending on the match or mismatch between the gestural space dur-
ing the learning phase (Contralateral vs. Ipsilateral) and the recogni-
tion phase (Contralateral vs. Ipsilateral). SEs are presented in brackets

Table4 Mean of "Yes” Responses (maximum 16) for New words
according to the response gesture (Contralateral vs. Ipsilateral) and
the color-associated response space (Contralateral vs. Ipsilateral). SEs
are presented in brackets

Gesture matching Contralateral Space 12.57 (1.74)
Ipsilateral Space 14.15 (1.16)

Gesture mismatching Contralateral Space 8.42 (2.63)
Ipsilateral Space 6.36 (1.95)

which then remained on the screen until the participants
responded. The participants had to press on the space bar
with the index finger of their right hand to make the fixa-
tion cross appear, and thus control the starting point of the
gesture. Once the word was displayed, they had to indicate
whether or not the word was present in the learning list.
To do this, they had to press the blue key for “yes” and the
purple key for "no," using the index finger of their right
hand. The blue key (M) required an ipsilateral gesture and
the purple key (Q) required a contralateral gesture. Note that
the colors of the response keys were those used in the learn-
ing phase: blue versus purple.

Thus, the combination of the color of the words in the
learning phase and the color of the response keys enabled
us to form four experimental conditions: condition 1 (group
1), learning phase, color Blue-Ipsilateral gesture versus color
Purple-Contralateral gesture; recognition phase, color Blue
(Yes)-Ipsilateral gesture versus color Purple (No)-Contralat-
eral gesture; condition 2 (group 2), learning phase, color
Blue-Ipsilateral gesture versus color Purple-Contralateral
gesture; recognition phase, color Blue (Yes)-Contralateral
gesture versus color Purple (No)-Ipsilateral gesture; condi-
tion 3 (group 3), learning phase, color Blue-Contralateral
gesture versus color Purple-Ipsilateral gesture; recognition
phase, color Blue(Yes)-Contralateral gesture versus color
Purple(No)-Ipsilateral gesture; condition 4 (group 4), learn-
ing phase, color Blue-Contralateral gesture versus color Pur-
ple-Ipsilateral gesture; recognition phase, color Blue(Yes)-
Ipsilateral gesture versus color Purple-Contralateral gesture.

Experimental design

The nature of the words to be recognized (OLD vs. NEW)
was manipulated within participants. The matching/mis-
matching of the color-associated gestural spaces between the
learning and recognition phases was manipulated between
participants. As in Experiment 2, two separate analyses were
performed, one for the OLD words and one for the NEW
words. Indeed, it is only with OLD words that we can test the
effect of motoric matching/mismatching and consequently
the integration of motor fluency in the word (Table 3). The
NEW words enabled us to test the effect of color-associated
motor fluency on recognition (Table 4).

Response Gesture

Contralateral Ipsilateral
Space associated  Ipsilateral 2.66 (1.02) 4.00 (2.11)
with color Contralateral 2.16 (1.85) 0.89 (0.90)
Results

As in Experiments 1 and 2, statistical analyses were car-
ried out using JASP software (Wagenmakers et al., 2018a,
2018b). Although our hypotheses differed depending on the
nature of the OLD and NEW words, we checked that OLD
words were recognized better than NEW words, and this
was indeed the case: t(75)=20.41, p<0.001, ;12[, = (.84,
BF,,=1.19%%°_ The result is the same whether the answer
was given in the contralateral or ipsilateral space, respec-
tively: t(37)=14.33, p<0.001, nzp = 0.84, BF,,=5.19"13,
t(37)=14.37, p<0.001, n°, = 0.84, BF ;,=5.66.*"

Results for the OLD words

The analysis revealed a significant main effect of match-
ing (i.e., matching vs. mismatching), F(1,72)=179.35,
p<0.001, n*, = 0.71, BF;,=1.56"'°. Old words were
recognized better when the gestural space in the learning
phase (Contralateral vs. Ipsilateral) and recognition phase
(Contralateral vs. Ipsilateral) matched than when they
did not. There was no main effect of the gestural space,
F(1,72)=0.28, p=10.60, ;72,, = 0.004, BF;;=0.24. The
interaction was significant, F(1,72)=16.57, p<0.001, nzp
=0.18, BF;,=1.56+"". Post hoc comparisons show that old
words were recognized better when matching related to an
ipsilateral rather than a contralateral gesture, t (72)=2.50,
p=0.01, °, = 0.07, BF ,=2.88. However, Old words
were recognized less well when the mismatch related to an
ipsilateral rather than a contralateral gesture, t (72)=3.25,
p=0.02, ;72,, = 0.12, BF,;y=6.50. Nevertheless, the Bayes-
ian statistics suggest that we should be cautious regarding
the results.

Results for the NEW words

The analysis revealed a significant main effect of matching,
F(1,72)=13.66, p<0.001, nzp =0.16, BF;,=16.57. There
were more false recognitions of new words in the matching
(i.e., when the response space corresponded to the response
space associated with the color) than the mismatching con-
dition (i.e., when the response space did not correspond to
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the response space associated with the color). There was no
main effect of the response space, F(1,72)=0.006, p=0.94,
172p = 0.00008, BF,;;, = 0.09. There were as many false rec-
ognitions when the response was given in the ipsilateral
space as in the contralateral space. The interaction was sig-
nificant, F(1,72)=27.10, p<0.001,7°, = 0.27, BF ;,=2.9**.
Post hoc comparisons show that there were more false rec-
ognitions for New words when the matching related to the
ipsilateral rather than the contralateral space, t (72)=3.73,
p<0.001, nzp = 0.16, BF;,=7.66. When there was a mis-
match, the New words were falsely recognized more often
when the response gesture was in the contralateral space
than in the ipsilateral space, t (72) =3.62, p<0.001, nzp =
0.15, BF;p=1.1*%.

Conclusion

The obtained results are in line with what was expected.
The data show that matching between the gestural space
during learning (i.e., color-associated space) and the space
in which the gesture has to be performed to give the answer
enhances recognition of Old words compared to when the
spaces mismatch, and that this is true for both the ipsilateral
and contralateral spaces. This means that the motor action
is part of the trace associated with the Old words. However,
the matching associated with the ipsilateral space (fluency)
increases the propensity to recognize Old words more than
the matching associated with the contralateral space (lack
of fluency). Moreover, the mismatching associated with the
ipsilateral space is more prejudicial than that associated
with the contralateral space. Thus, these two results show
that motor fluency is well integrated in the memory traces
of words. Finally, the results obtained for the NEW words
suggest that motor fluency (i.e., gesture associated with the
ipsilateral space) is well integrated with color. Indeed, the
participants produced more false recognitions when there
was a match between the space associated with the color of
words and the response space than when there was a mis-
match between the two. Taken together, these results sug-
gest, on the one hand, that motor fluency is integrated in the
memory traces of words together with their color, and, on
the other, that motor fluency participates in the re-construc-
tion of memories.

General discussion

This work is based on multiple-trace memory models.
According to these models, the trace reflects a sensori-
motor experience likely to be reconstructed or to emerge
as content actually preserved and therefore addressable
and recoverable as it is. The likelihood that a trace can
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be specifically re-constructed depends on multiple factors
involved in what is commonly called encoding, notably its
richness (the number of components), and the quality of
the components, but also, and perhaps most importantly,
the level of integration of the components of the trace.
Thus, the more integrated the features are, the more easily
the trace as a whole will be reconstructed and the more
likely it is that it will be dissociated from other traces.
While multiple factors (encoding specificity principle,
depth of processing, elaborate encoding, dual coding,
enactment effect) are assumed to facilitate the re-construc-
tion of traces by facilitating the integration of their com-
ponents (see, e.g., Macri, Claus, Pavard, & Versace, 2020;
Macri, Pavard, & Versace, 2018), Camus, Brouillet, and
Brunel (2016) recently stressed that action plays a func-
tional role in the integration of sensorimotor components.
The aim of this work was to identify the role that motor
fluency plays in the integration mechanism. Indeed, it
is well known that “encoding fluency” (e.g., Koriat &
Ma’ayan, 2005) enhances memory (Hertzog, Dunlosky,
Robinson, & Kidder, 2003; Matvey, Dunlosky, & Gut-
tentag, 2001). To investigate this, we used the “laterality
and hand dominance” paradigm (i.e., most fluent actions
are those executed with the dominant hand on the domi-
nant side), which has already shown its efficiency in the
memory field (Brouillet, Milhau, Brouillet, & Servajean,
2017; Brouillet, Michalland, Martin, & Brouillet, 2021;
Susser & Mulligan, 2015; Susser, 2014; Susser, Panitz,
Buchin, & Mulligan, 2017; Yang, Gallo, & Beilock, 2009).
In the encoding phase of the three experiments reported
here, words therefore appeared colored in blue or purple
and the participants had to read them aloud and remember
them. Motor fluency was manipulated by means of the ges-
ture to be performed in response to the color of the word:
in the ipsilateral space (fluent) versus contralateral space
(non-fluent). In Experiment 1, fluency was manipulated
during the encoding phase by means of another factor:
the presence or absence of an obstacle in the path of the
gesture. This manipulation was not used in Experiments 2
and 3. The encoding phase was followed by a recognition
phase. In Experiment 1, words to be recognized were pre-
sented in a dark font on a sheet of paper. In Experiment 2,
words to be recognized (Old and New) were colored in one
of the two colors used in the encoding phase, while half
of the Old words were colored in the same color as in the
encoding phase and the other half in the other color. They
were also presented on a sheet of paper. In Experiment 3,
participants had to press a colored key (the same colors as
in the encoding phase) to indicate whether or not the word
was present in the learning phase. The colored key was on
the left or on the right of the keyboard, thus requiring the
participant to produce an ipsilateral or contralateral ges-
ture to respond. For the OLD words, the color associated
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with the "yes" response was either their encoding color
(matching) or the other color used in the encoding phase
(mismatching).

As expected, the results of Experiment 1 show that the
Old words that were associated with an ipsilateral gesture
during the encoding phase (i.e., motor fluency) were recog-
nized more easily than words associated with a contralateral
gesture (i.e., no motor fluency). Moreover, they were recog-
nized less well when the gesture had been hindered by the
obstacle (i.e., interruption to motor fluency). The results of
Experiment 2 clearly show that the color associated with an
ipsilateral gesture during the encoding phase both enhanced
the recognition of the Old words and increased the level of
false recognition of the New words. Moreover, when the
OLD words appeared in the same color as in the learning
phase, this matching enhanced memory. Conversely, when
the OLD words appeared in a color different to that used
in the learning phase, this discrepancy impaired their rec-
ognition. Finally, while the results of Experiment 3 do not
show an effect of the space in which the response gesture
is produced during recognition (i.e., ipsilateral/fluent vs.
contralateral/not fluent), they nevertheless indicate that the
gesture executed to give the response must also be consid-
ered. Indeed, we observed that the recognition score on the
OLD words was higher when these words were in the same
color as during the encoding phase than when they were in a
different color (i.e., when the color was associated with the
same response space). However, this score was even higher
for the ipsilateral than the contralateral space (i.e., when par-
ticipants performed a fluent gesture). Moreover, participants
produced more false recognitions (i.e., NEW words) when
there was a match between the space associated with the
color of the words and the response space than when there
was a mismatch between the two.

This work provides us with three important results.
Firstly, the results of the first experiment support those pre-
viously obtained by Koriat and Ma’ayan (2005) regarding
“encoding fluency” and confirmed by several other studies
(Hertzog et al., 2003; Matvey et al., 2001): fluency at encod-
ing enhances memory retrieval. However, and this is the
original feature of our studies, unlike in these earlier works,
it was not the study time at encoding that was manipulated
but a subjective feeling associated with the gesture per-
formed as a function of the space. A gesture performed in
the participant's ipsilateral space (i.e., fluent gesture) favors
recognition responses, as opposed to a gesture performed in
the participant's contralateral space (i.e., non-fluent gesture).
While our work supports the “encoding fluency” principle,
it also supports the idea that our body influences cognitive
processes through the actions we can carry out, as has been
shown in the fields of comprehension (e.g., Zwaan, 2016),
emotions (e.g., Casasanto, 2009), perception (e.g., O’Regan,
2011), and memory (e.g., Brouillet, 2020). On the other

hand, and for the very first time, the results of Experiment
2 highlight the role of motor fluency in the integration pro-
cess. Indeed, in a situation in which the color of the words
was unchanged during recognition, there were more correct
recognitions when the color had been associated with an
ipsilateral gesture than with a contralateral gesture during
encoding, thus inducing a fluent gesture and therefore bet-
ter word-color integration. This is confirmed by the false
recognitions (i.e., NEW words): the score for words with a
color associated with an ipsilateral gesture was higher than
for words associated with a contralateral gesture. There-
fore, the results of Experiment 2 clearly show that motor
fluency facilitates integration during encoding. Finally, the
results observed in Experiment 3 show that motor fluency at
retrieval enhances the re-construction of memories. When
the color of the response key involved an ipsilateral gesture
and the word's color was embedded in an ipsilateral gesture,
participants were inclined to consider that the word had been
presented in the acquisition phase. The results observed for
the NEW words are particularly interesting here: matching
colors (words and Yes answer key) induced a high number of
false recognitions (25%). However, as interesting as they are,
these results would need to be confirmed with left-handers
because it has been shown that left-handers are less lateral-
ized than right-handers for both left and right hemispheric
functions (Johnstone, Karlson, & Carey, 2021).

Most importantly, however, the results of these three
experiments taken together support the idea that memory
is a memory of processes (Craik & Lockart, 1972; Franks
et al., 2000; Roediger, Gallo, & Geraci, 2002). This idea
underlies the multiple-trace models, in particular Act-In
(Versace et al., 2014) and its mathematical formalization
Athena (Briglia et al., 2018). As the ability of a trace to
be re-constructed depends largely on the level of integra-
tion of the components of the trace, it explains why traces
cannot be dissociated from the processes that gave rise to
them, whether in the case of a specific trace or all traces
in general. Our results lead us to believe that traces are not
only traces of the processes that gave rise to them but also
traces of the way in which the processes took place (i.e.,
fluency). Moreover, it appears that the way in which the
processes took place contributes to the re-construction of
the traces. Thus, we can consider that our results support
the concept of “transfer of appropriate fluency” (Lanska &
Westerman, 2018): in addition to the transfer of processes,
there is also a transfer of the manner in which the process
was carried out. In the 1970s, authors such as Kolers (1975,
1976), Kolers and Roediger (1984), and Morris, Bransford,
and Franks (1977) proposed the idea of Transfer Appropriate
Processing — TAP. This idea considers that memory perfor-
mance depends on the overlap between encoding processing
and retrieval processing. More precisely, it reflects the idea
that if, during the retrieval phase, I use the same processes
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as those used during the encoding phase, then my memory
performance will be optimal (neurophysiological findings
confirm that retrieval is mediated by the reinstatement of
the brain activity that was present during processing of the
original event; Bramao & Johansson, 2018; Schendan &
Kutas, 2007).

To conclude, “‘pastness’” cannot be found in memory
trace, rather, reflects an attribution of transfer in perfor-
mance” (Jacoby, Kelley & Dywan, 1989, p. 400).
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