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Abstract

The question of the domain-general versus domain-specific nature of the serial order mechanisms involved in short-term
memory is currently under debate. The present study aimed at addressing this question through the study of temporal
grouping effects in short-term memory tasks with musical material, a domain which has received little interest so far.
The goal was to determine whether positional coding—currently the best account of grouping effect in verbal short-
term memory—represents a viable mechanism to explain grouping effects in the musical domain. In a first experiment,
non-musicians performed serial reconstruction of 6-tone sequences, where half of the sequences was grouped by groups
of three items and the other half presented at a regular pace. The overall data pattern suggests that temporal grouping
exerts on tone sequences reconstruction the same effects as in the verbal domain, except for ordering errors which
were not characterised by the typical increase of interpositions. This pattern has been replicated in two additional
experiments with verbal material, using the same grouping structure as in the musical experiment. The findings support
that verbal and musical short-term memory domains are characterised by similar temporal grouping effects for the
recall of 6-item lists grouped by three, but it also suggests the existence of boundary condition to observe an increase
in interposition errors predicted by positional theories.
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Daily life activities such as remembering a phone number,
having a discussion, or listening attentively to a piece of
music all require the processing of serially organised infor-
mation that unfolds over time and draws on short-term
memory (STM) resources. The question of whether the
mechanisms contributing to the maintenance of serially
organised memoranda are domain-general or domain-spe-
cific is currently under debate in the STM literature
(Hurlstone et al., 2014; Jones et al., 1995; Logie et al., 2016;
Majerus, 2013; Soemer & Saito, 2016; Vandierendonck,
2016). Previous research comparing serial order STM for
verbal and visuospatial items supported the view that the
representation of serial order in STM is supported by
domain-general mechanisms (for a review, see Hurlstone
et al., 2014). However, the extent to which the domain-gen-
erality hypothesis applies to STM for music remains

unanswered. Given its inherent rhythmic and sequential
structure, music represents an appropriate candidate to fur-
ther our understanding of the ordering mechanisms involved
in STM, as well as to address the question of the domain-
generality of these mechanisms.

Contrary to the verbal domain, there are only a few
models of musical STM (see Berz, 1995; Ockelford,
2007), none of which provide a comprehensive account of
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the processes responsible for representing serial order of
musical sequences. For instance, Ockelford (2007) sug-
gested that serial order is coded in musical working mem-
ory through the action of a tagging mechanism in which
each item serves as a retrieving cue for the next item (for
more details regarding the notion of tagging, see Kieras
et al., 1999). However, to the best of our knowledge, there
is no direct empirical evidence that such a tagging mecha-
nism plays a role in the representation of musical order in
STM. Moreover, the tagging notion relies on a chaining
account of serial order representation that has been chal-
lenged by a recent study on serial order STM for music
(see Gorin et al., 2018a).

Several serial order effects considered as benchmark
phenomena in the verbal STM domain (Hurlstone et al.,
2014; Lewandowsky & Farrell, 2008) have also been
observed in a recent series of musical STM experiments
(Gorin et al., 2016, 2018a, 2018b). The authors interpreted
these results as evidence for the existence of domain-gen-
eral processes to represent serial order information in the
musical domain. This interpretation is also in line with the
notion that verbal and musical STM systems involve com-
mon sequential processes even though they rely on differ-
ent representational stores (Williamson et al., 2010). Thus,
these results suggest that basic ordering principles are at
work in the two domains. In addition, they justify the use
of verbal order theories as a framework for exploring the
nature of ordering mechanisms in musical STM and
assessing the generality of these mechanisms.

The best account of benchmark order phenomenon in
the verbal domain comes from models relying on posi-
tional codes to represent serial order information (see, for
example, Brown et al., 2000; Burgess & Hitch, 1999;
Hartley et al., 2016; Henson, 1998; Lewandowsky &
Farrell, 2008). In positional models, serial order is repre-
sented by associations between items and independent
markers representing positions. The main strength of this
class of models is its ability to account for temporal group-
ing effects. Temporal grouping is characterised by the
insertion of additional pauses between some items during
sequence presentation, inducing the perception of tempo-
rally distinct sub-groups of items. With verbal material,
such manipulations lead to the well-replicated phenomena
that constraint serial order models of STM (see Frankish,
1985, 1989; Hartley et al., 2016; Henson, 1996; Hitch
et al., 1996; Maybery et al., 2002; Ng & Maybery, 2002,
2005; Ryan, 1969a, 1969b). For grouped sequences, a
recall advantage as well as a multiply-bowed shape serial
position curve are usually observed. An increase in the
proportion of interposition errors, or between-group dis-
placements of items that keep their initial within-group
serial position, is also characteristic of the recall of grouped
sequences. For instance, in a 6-item sequence composed of
two groups of three items, an interposition error would be

to recall the item from Position 2 (i.e., Position 2 in the
first group) at Position 5 (Position 2 in the second group).

The study of temporal grouping effects is of particular
interest to help determine the precise nature of serial order
representation in STM. For example, models relying on
ordinal codes such as activation gradients to represent serial
order (see, for example, Farrell & Lewandowsky, 2002;
Page & Norris, 1998) can accommodate the main effects
induced by temporal grouping manipulations, the recall
advantage, and the scalloped serial position curve.
However, to account for a wider range of effects induced by
temporal grouping (i.e., an increase in interposition errors
in addition to the recall advantage and the scalloped appear-
ance of the serial position curve), it is necessary to assume
the existence of positional codes. Positional models accom-
modate the increase in interposition errors by representing
serial order in a hierarchical manner. Items are associated
with positional markers representing within-group posi-
tions, as well as markers representing the position of the
groups/items in the sequence (see Brown et al., 2000;
Burgess & Hitch, 1999; Hartley et al., 2016; Henson, 1998).
The hierarchical representation of serial order makes the
items in grouped sequences more distinctive than in
ungrouped ones, accounting for the recall advantage and
the multiply-bowed shape of the serial position curve.
Moreover, this hierarchical representation of serial order
increases the similarity between items in different groups
that share the same within-group position, thus accounting
for the increase in interposition errors observed in grouped
sequences (see Figure 1 markers for a graphical example).

In the musical domain, a great deal of work has been
devoted to the study of the psychophysical and musical
components influencing how adult listeners process and
maintain musical information in STM (for a review, see
Deutsch, 2013a, 2013b). However, little is known about
the cognitive mechanisms involved in the short-term main-
tenance of musical information, and particularly those
required to represent and maintain the order of a series of
tones. In non-musicians, serial order reconstruction of ver-
bal and musical sequences is characterised by similar
serial order effects, suggesting that verbal ordering princi-
ples could be extended to the musical domain (Gorin et al.,
2018a). In another study using a serial recognition task,
researchers observed temporal grouping effects that are
comparable to those usually observed in verbal STM tasks,
suggesting that the positional markers described in verbal
STM models of serial order could play a role in STM for
music (Gorin et al., 2016). More precisely, the authors
showed that in non-musicians, the rate of correct serial
recognition for matching probes is higher for grouped ver-
sus ungrouped sequences, and that recognition as a func-
tion of position adopted a shape reflecting the grouping
structure used in the experiment, replicating previous
results obtained with musicians (Deutsch, 1980).
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Figure |. Schematic representation of positional markers. Top: ungrouped sequence where six digit items are associated to
positional markers representing positions in the sequence (grey shades). Bottom: grouped sequences where items are associated
to markers representing position of items in the sequence (grey shades) and within the groups (blue shades). Darkest and lightest
shades represent start and end of the sequence, respectively. As one can see, the similarity between items at Positions | and 4

is low in ungrouped sequences. But the similarity between these items increases in grouped sequences because of the additional

marker representing within-group positions.

However, the conclusions drawn in Gorin et al. (2018b)
are limited as the assessment of temporal grouping on
interposition errors was not possible due to the use of a
recognition procedure. At the same time, there is evidence
for the existence of interposition-like errors in serial order
production tasks requiring experts to retrieve and play
short musical excerpts on the piano from memory (Mathias
etal., 2015). In comparison to shorter musical excerpts, for
which the similarity between elements sharing the same
metrical accent (strong or weak) in the sequence is reduced,
longer musical excerpts are characterised by increased
long-distance transpositions between positions with the
same metrical accent. Interestingly, this phenomena can be
accounted for by a model of musical sequence production
assuming that to-be-produced musical events are repre-
sented hierarchically (see Mathias et al., 2015; Palmer &
Pfordresher, 2003; Pfordresher et al., 2007). This model
represents musical events according to their serial position
and their metrical status strength, which is similar to the
hierarchical coding of serial order proposed in positional
models of verbal STM described above (see Brown et al.,
2000; Burgess & Hitch, 1999; Hartley et al., 2016; Henson,
1998).

As mentioned earlier, a growing body of evidence
shows that benchmark serial phenomena characterising

verbal STM are also observed in visuospatial STM tasks
(for a review, see Hurlstone et al., 2014), and to some
extent to the musical domain as well (Gorin et al., 2018b).
This evidence supports the first account that the processing
of serial order information is supported by processes
shared across domains. At the same time, some authors
consider that the presence of similar ordering phenomena
across domains is also compatible with the existence of
domain-specific mechanisms, but with functional similari-
ties (see, for example, Logie et al., 2016; Saito et al.,
2008). Indeed, observing the same serial order phenomena
across STM domains is compatible with both a single
domain-general mechanism and with domain-specific
mechanisms coding serial order in a similar manner, and
only this second account assumes that the existence of
functionally similar domain-specific mechanisms can
account for both differences and similarities across
domains (Logie et al., 2016). Another account would be
that serial order mechanisms are shared across modalities
(e.g., auditory or visual) but not specific domains (e.g.,
verbal, visual and musical). In other words, we could
envisage that both verbal and musical materials similarly
draw on auditory STM resources, the latter being under-
pinned by auditory domain-general processes responsible
for coding serial order information for both types of
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material. This is in line with a recent proposal from Hartley
et al. (2016) suggesting that cross-domain sequential prin-
ciples are responsible for processing order information but
function in parallel with domain-specific mechanisms
responsible for perceptual input. They proposed a stimu-
lus-driven mechanism responsible for processing and
encoding order information in auditory—verbal sequences
based on the activity of neuronal oscillators tracking
amplitude variations of the speech envelope at different
timescales. Interestingly, it has been suggested that the
encoding of rhythmic features in both speech and music
could be governed by a similar stimulus-driven oscillatory
mechanism (see, for example, Musacchia et al., 2014).
Thus, considering the evidence for domain-specificity in
processing musical information (Peretz & Coltheart, 2003;
Zatorre et al., 2002), a more parsimonious account would
be that domain-specific features interact with domain-gen-
eral ordering mechanisms (see Majerus, 2013).

To summarise, the present study aimed at investigating
the effects of temporal grouping on immediate serial recon-
struction of tone sequences. Through the comparison of the
temporal grouping effects observed for tone sequences with
those reported in the verbal STM literature, our goal was to
(1) improve our understanding of the mechanisms underly-
ing the representation of serial order in musical STM and
(2) address the question of the domain-generality of serial
order processes in STM. We conducted a first preregistered
experiment comparing the forward reconstruction of serial
order information between ungrouped 6-tone sequences
and the same sequences grouped in two groups of three
items.! Based on the results obtained in that first experi-
ment, a non-preregistered follow-up online experiment
requiring the serial recall of 6-letter grouped and ungrouped
sequences has been conducted to allow a direct comparison
with the data obtained in Experiment 1. Due to the presence
of ceiling effect that limited the comparison of temporal
grouping effects in the musical (Experiment 1) and verbal
(Experiment 2) domains, another non-preregistered online
experiment was conducted to account for ceiling effect.
Overall, these experiments support the close similarity
between the temporal grouping effects observed in the ver-
bal and musical domains.

Experiment |: forward reconstruction
of musical order

Method

Sampling plan. There is currently a trend in the field of psy-
chological sciences favouring the use of Bayesian statisti-
cal techniques to design experiments and make statistical
inferences. Bayesian statistics provide several advantages
(for a review, see Dienes, 2016; Wagenmakers et al.,
2018). For instance, Bayesian statistical analyses allow the
monitoring of statistical evidence during data collection,

are not influenced by the intention with which data are col-
lected, and are not sensitive to optional stopping rules
(Berger & Berry, 1988; Rouder, 2014). With these consid-
erations in mind, we used the following sampling plan for
Experiment 1 (for a similar rationale in determining sam-
pling plan, see Wagenmakers et al., 2015). We first
recruited 20 participants and conducted the planned analy-
ses. If for these analyses (see the “Analysis plan” section
for more details), we obtained strong level of statistical
evidence for either an alternative (H,) or the null (H,)
hypothesis with a Bayes factor (BF) of 10 or more, data
collection would be stopped. If that criterion was not met
for at least one of our planned analyses, we would recruit
more participants while monitoring BF values. In other
words, we ran the same analyses after each batch of five
participants and continued until we reached strong statisti-
cal evidence for all the planned analyses (H, or H,). How-
ever, due to resource limitations, we planned to stop data
collection after the recruitment of 50 participants, even
though we did not meet the criterion of statistical evidence
for all the planned analyses.

Participants. The experiment was approved by the ethics
committee of the Faculty of Psychology and Sciences of
Education of the University of Geneva. Fifty-eight first-
year psychology students from the University of Geneva
took part in Experiment 1 in exchange for partial course
credit. The final sample was composed of 50 participants
(45 females; age n years: M=21.78, SD=1.95; education
level in years: M=13.00, SD=1.12; musical theory learn-
ing in years: M=0.35, SD=0.85; musical practice in years:
M=0.69, SD=1.04) after the exclusion of eight partici-
pants who did not meet the inclusion criteria (see the
demographic data file on the OSF repository associated to
this manuscript for more details).

Inclusion and exclusion criteria. As we were interested
in musical STM for serial order processing in participants
with no musical expertise, participants must have had no
more than 3 years of experience in studying music theory
or practicing a music instrument (including singing) at the
time of the experiment. We excluded participants with neu-
rological or speech disorders (e.g., dyslexia) from the sam-
ple. Finally, we excluded the data from any participants
with performance equal to or lower than the .17 chance-
level in at least one of the experimental conditions from
the analysis. To adhere to the sampling plan, excluded par-
ticipants were replaced by recruiting other participants.

Stimuli. The stimuli consisted of 60, 6-tone sequences. To
reduce the possibility that using a limited set of six tones
could increase proactive interference, we used a set of 14
different tones consisting of all the diatonic steps of the C
major scale (ranging from C4 to BS). The tones were pure
sine waves generated with Audacity (Audacity Team,
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2017) and saved as .wav files, each lasting for 500 ms with
a rise and fall period of 10ms. The tone sequences were
generated using pseudo-random permutations following
three rules adapted from previous studies on verbal STM
for serial order (see, for example, Hartley et al., 2016):

1. No more than two consecutive tones that are also
consecutive in the tone set (e.g., C4—E4-G4 or
B4-D5-F5 was not legal);

2. No more than two consecutive intervals in the same
direction (e.g., C4 [ '] E4 [ ] D5 [\\] G4 was
permitted but not C4 [ ] E4 [ ] D5 [ ] F5);

3. No tone at the same serial position in successive
trials.

As the tones used cover two octaves, we constrained inter-
val sizes to a maximum of seven semitones to avoid the
presence of unfamiliar large intervals. We also ensured
that the sequences were highly related to a major scale. In
other words, each sequence has a maximum key correla-
tion of at least .70 with the tone distribution profile of at
least one of the major scales. The maximum key correla-
tion was determined using the Krumhansl & Schmuckler
key-finding algorithm (Krumhansl, 1990).

To have matched stimuli between the two grouping
conditions, we reused the 30 sequences from the ungrouped
trials but played them in reverse serial order and presented
them from last to first in the grouped trials. To prevent
unwanted effects resulting from the use of a fixed set of
tone sequences, a new set of pseudo-randomly created
tone sequences was generated in advance for each partici-
pant. To ensure that each created sequence was used both
in an ungrouped and a group trial, even-numbered partici-
pants had the ungrouped and grouped sequences corre-
sponding to the grouped and ungrouped sequences,
respectively, of the preceding odd-numbered participant in
the experiment.

Experimental design. The experiment was based on a 2-fac-
tor within-participants design. The two types of sequences
were presented in two different blocks with the ungrouped
sequences always presented first. This was done to avoid
that presenting the grouped sequences first could lead to
the use of subjective grouping strategies for ungrouped tri-
als (for a similar procedure, see Farrell & Lewandowsky,
2004; Hartley et al., 2016). For ungrouped trials, the tones
were presented at a regular pace.

Procedure. The procedure consisted of the auditory presen-
tation of 60 trials in total. Stimuli were played at a com-
fortable auditory level through headphones connected to a
portable workstation. Each trial began with a countdown
from 3 to 1 displayed at the centre of the computer screen
at a pace of 500ms. The tone sequence was played con-
secutively on a blank screen displayed for 500ms. In

ungrouped trials, the tones were presented with a regular
interstimulus interval (IST) of 150 ms. In grouped trials, the
ISI was 75 ms for within-group items (Positions 1-2, 2-3,
4-5, and 5-6) and 450 ms for between items forming group
boundaries (Positions 3—4). Immediately after the presen-
tation of a sequence, a virtual keyboard was displayed on
the screen and the participants used the touch screen to
reconstruct the sequence. The participants were forced to
reconstruct the sequences in forward serial order. To do
this, they had to find and validate the tone corresponding
to the first position, then proceed to the second position,
and so on until reconstructing the whole sequence.

The virtual keyboard was used again to reconstruct the
tone sequences (Figure 2). A layer of six white keys repre-
senting the six tones heard in the to-be-reconstructed
sequence were displayed horizontally on the screen. The
tones were organised in ascending order, from the lowest
on the left to the highest on the right. Each time a key was
pressed on the touch screen, the corresponding tone was
played through the headphones. Touching a key activated
the associated tone by changing the colour of the key to
green (see panels 1, 5, 7, or 10 in Figure 2). Once the par-
ticipant retrieved the tone for the current position and acti-
vated the key, they had to press the “validate” button to
proceed to the next position (see panels 4, 6, 8, or 12 in
Figure 2). After a tone has been assigned to a position, the
corresponding key changed to grey to indicate that the tone
could not be used anymore and the auditory feedback for
that key was turned off. It was possible to change the
“active” tone before validating a position (see panels 10—
12 in Figure 2) but not once the position was validated. If
for any position the participant did not remember the cor-
responding tone or did not want to guess, it was possible to
answer “I don’t know” by selecting the “?” button before
validating the position (see panel 11 in Figure 2). Finally,
at any time during the reconstruction process, participants
had the opportunity to hear the reconstructed sequence up
until then (see panel 9 in Figure 2).

Hypotheses

The experiment had the following aims: (1) to better
understand the nature of ordering mechanisms of in musi-
cal STM through the study of temporal grouping effects in
non-musicians, which in turn would allow (2) to assess the
domain-generality hypothesis of serial order in STM. To
achieve this, we compared recall performance for
ungrouped and grouped 6-tone sequences, focusing on
serial recall accuracy, the shape of the serial position
curves, response latencies, and the rates of interposition
errors. According to the domain-generality hypothesis of
serial order STM, it was predicted to observe higher recall
accuracy for grouped than ungrouped sequences. We also
predicted the presence of a multiply-bowed serial position
curve for grouped sequences. Finally, we expected to
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Figure 2. Graphical representation of the functioning of the serial order reconstruction task for tone sequences in Experiment |.

See the main text for more details about its functioning.

observe more interposition errors in grouped than
ungrouped sequences.

Analysis plan

We used the open-source program JASP (version 0.14,
JASP Team, 2018) with default settings for all planned
(described here below) and exploratory analysis reported.
For Bayesian #-tests, the prior was represented as a Cauchy
distribution with an 7 scale of 0.707. For Bayesian analysis
of variance (BANOVA), the prior also consisted of a
Cauchy distribution, with an r scale of .5 and 1 for fixed
and random effects, respectively.

Recall accuracy and serial position curve. We analysed serial
position curves by averaging the recall accuracy as a func-
tion of serial position and grouping condition for each par-
ticipant. Then, we performed a 2 X 6 repeated-measures
BANOVA, with a 2-level type of sequence factor
(ungrouped vs. grouped) and a 6-level serial position fac-
tor (from 1 to 6).

In case of an interaction between the two factors (i.c.,
the full model is the best model and is supported by a BF
of at least 10, relative to the second-best model), we
assessed the presence of mini-primacy and mini-recency
effects in grouped sequences by comparing recall accuracy

between Positions 1 and 2 (H1: 1>2), Positions 2 and 3
(H1: 2<3), Positions 4 and 5 (H1: 4 >5), and Positions 5
and 6 (H1: 5 <6) via Bayesian paired samples #-tests.

Transposition gradients. We analysed transposition gradi-
ents by computing the proportion of transposition errors as
a function of displacement separately for each condition
and for each participant. To achieve this, we performed a 2
X 5 repeated-measures BANOVA with a 2-level type of
sequence factor (ungrouped vs. grouped) and a 10-level
displacement distance factor (from —5 to 5, excluding 0). If
the full model turned out to be the best model (i.e., BF > 10
compared with the second best model), we analysed the
interaction by focusing on the rate of adjacent displace-
ments and interposition errors (see the next analysis for
more details).

Interposition errors and adjacent displacement rates. The rate
of interposition errors and displacements to adjacent serial
positions was determined by calculating the proportion of
errors involving between-group displacement of items
keeping their initial within-group position (i.e., absolute
distance of three positions) and the proportion of serial
order transpositions characterised by an absolute displace-
ment distance of one serial position among all serial order
errors and separately for each type of sequence (ungrouped
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Figure 3. (a) Serial position curves, (b) transposition gradients, and (c) response latencies as a function of the type of grouping,
from Experiment |. Error bars represent confidence interval computed on data corrected for between-subject variability (Morey,

2008), following Baguley (2012, formula 8) recommendations.

vs. grouped). Then, the two grouping conditions were com-
pared based on the observed rate of interposition errors
(HI1: interpositions in grouped sequences > interpositions
in ungrouped sequences) and adjacent displacement (H1:
adjacent displacement in grouped sequences <<adjacent
displacement in ungrouped sequences) via Bayesian paired
samples #-tests.

Results

Planned analyses. The 2 X 6 repeated-measures BANOVA
performed on recall accuracy as a function of serial posi-
tion (1-6) and grouping condition (grouped vs.
ungrouped), revealed that the best model is the model
with the two main effects (see Figure 3a). This model is
preferred over the second best, full model by a factor of
1.80 (see “Serial position curves” rows in Table 1). As
the preference was characterised only by anecdotal evi-
dence, we conducted an analysis of effect. This was done
with JASP via a method averaging evidence across all the
models containing the effect of interest. The data

provided decisive evidence in favour of the presence of a
serial position effect (BF , ..=), very strong evi-
dence in favour of a grouping effect (BF, , . =31.28),
and anecdotal evidence in favour of the presence of the
interaction (BF, ; ..,=2.15). As initially planned, we did
not analyse mini-primacy and mini-recency effects in
grouped sequences as the presence of the interaction was
not supported by the data.

The 2 X 10 repeated-measures BANOVA performed on
the proportion of transposition errors as a function of
transposition distance (=5 to 5, excluding 0) and grouping
condition (grouped vs. ungrouped), revealed that the best
model to explain the data is the full model (see Figure 3b).
This model is preferred over the second best containing
only the effect of distance by a factor of 173.36, represent-
ing decisive support for the best model (see “Transposition
gradients” rows in Table 1). Given the clear support for an
interaction between grouping condition and transposition
distance, we compared the rate of adjacent transpositions
and interpositions between the two grouping conditions as
initially planned.
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Table I. Results of the Bayesian repeated-measures analyses of variances for the serial position curve, transposition gradients, and

response latencies from Experiment |.

Analysis Models P(M) P(M | data) BF BF |, Error %
Serial position curves Null model (incl. subject) 0.20 4.42e™8 1.77°82 1.00
Condition + Position 0.20 0.63 6.80 |.42e%2 1.23
Condition + Position+ 0.20 0.35 2.15 7.91&® 1.25
Condition X Position
Position 0.20 0.02 0.09 4.72e% 1.50
Condition 0.20 6.97¢78 2.79e¢82 1.58 6.19
Transposition gradients Null model (incl. subject) 0.20 0.00 0.00 1.00
Condition + Distance+ 0.20 0.99 648.69 ) 1.18
Condition X Distance
Distance 0.20 5.73¢> 0.02 ) 0.78
Condition + Distance 0.20 3.96e™* |.58¢e73 oo 1.23
Condition 0.20 0.00 0.00 0.07 6.26
Response latencies Null model (incl. subject) 0.20 I.12¢7'10 4.837'10 1.00
Condition + Position+ 0.20 1.00 |.55¢8 8.28¢'” 1.23
Condition X Position
Condition + Position 0.20 26578 1.0677 2.20e'®2 1.22
Position 0.20 2.617" 1.04°'0 2.16e” 1.50
Condition 0.20 5.82¢7!10 2.33e7'%? 4.82 6.17

BF: Bayes factor.

All models include subject and for each analysis models are compared with the null model; Condition: temporal grouping effect; Position: serial posi-

tion effect; Distance: transposition distance effect.

The directed Bayesian paired samples #-test comparing
the rate of interposition errors between the two grouping
conditions (H,: ungrouped > grouped) provided anecdotal
evidence in favour of the null model (BF,,;=2.16). Next,
we compared the rate of adjacent transpositions between
the two conditions via another Bayesian paired samples
t-test (H,: ungrouped < grouped). The results provided
decisive evidence in favour of the presence of less adjacent
transpositions in grouped than in ungrouped trials
(BF,,=623.10).

Exploratory analyses. Since the present study focused on
exploring the nature of serial order representation in musi-
cal STM, it is critical to ensure that contour was not the
dominant component in representing the sequences. Con-
tour is a critical aspect of melodic representation, particu-
larly in non-experts (see Dowling, 1978; Dowling &
Tillmann, 2014). Thus, it is a possibility that the partici-
pants focused more on contour than item positions. If the
grouping manipulation boosted recall performance, this
could have influenced only contour-based representation.
We then re-scored recall performance by considering an
interval as correct when its direction (up or down) was the
same as for the corresponding interval in the target
sequence. Next, we compared the rate of above-chance
correct recall for item position and contour scoring meth-
ods (subtracting 0.17 and 0.5 chance-level to item and con-
tour scoring, respectively). The results of an undirected
Bayesian paired samples #-test conducted on chance-cor-
rected item position and contour scores provided decisive

Table 2. Proportions of within- and between-group
transposition errors, as a function of grouping condition, from
Experiment |.

Grouping Within ~ Between groups
type groups
Boundary Interpositions  Others
Ungrouped 40 .10 15 .35
(.05) (.03) (.04) (.07)
Grouped 40 .08 15 37
(.07) (.04) (.04) (-10)

Values in parentheses are standard deviations.

evidence (BF,;,=9.22¢%) in favour of better performance
when using the item position (M=0.24, SD=0.11) than the
contour scoring method (M/=0.18, SD=0.09).

To gain a better idea of the origin of the decrease of adja-
cent transposition errors in grouped sequences, we compared
the rates of within and between-group displacements—the
latest differentiating interpositions, non-interposition, and
group-boundary displacements—between the two condi-
tions of grouping (see Table 2). Exploratory comparisons
performed via undirected Bayesian paired samples #-test
suggest a moderate level of absence of difference between
the two conditions regarding the rate of interpositions
(BF,,=3.69), within-group transpositions (BF,=6.48),
and other between-group transpositions (BF,=3.02).
Interestingly, the results revealed decisive evidence that a
difference between the rate of displacements involving
group boundaries (BF,;=153.29) was present.
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Finally, we took advantage of the changes introduced
in the task, which made response behaviours more com-
parable with those characterising verbal serial recall, to
perform an exploratory analysis of response latencies.
This analysis is of interest because temporal grouping
exerts an important effect on the pattern of recall timing,
which is well accommodated by a two-dimensional rep-
resentation of positional information (Lewandowsky &
Farrell, 2008). In ungrouped sequences, response timing
is characterised by a long latency for the initiation of the
recall, followed by an inverted U-shaped response timing
(Farrell & Lewandowsky, 2004). For grouped sequences,
additional long latency is observed at the beginning of
temporal groups, reflecting the temporal structure of the
sequence (Farrell, 2008; Maybery et al., 2002). To deter-
mine the presence of such a pattern in the present study,
we performed a BANOVA on the log of response latency
(i.e., timing relative to the previous response or the
last presented tone for the first responded item) for cor-
rect responses as a function of serial position (1-6) and
grouping condition (grouped vs. ungrouped). The results
revealed that the full model is the best model (see Figure
3c¢), preferred over the second best model containing only
the effect of serial position by a factor of 3.77¢’, repre-
senting decisive evidence supporting the presence of the
two main effects and their interaction (see “Response
latencies” rows in Table 1).

Discussion

Experiment 1 aimed to better understand the nature of
serial order representations in musical STM. To achieve
this goal, we tested whether, with tone sequences, tempo-
ral grouping exerts the same effects on recall accuracy,
transposition errors, and response latencies as those
reported with verbal material. We presented participants
with ungrouped tone sequences and grouped tone
sequences consisting of two groups of three items. The
evidence that temporal grouping increased recall accuracy
was strong. The effect of grouping on the shape of the
serial position curve was anecdotal, with only limited scal-
loping. Analysis of response latencies showed a typical
inverted U-shaped profile with a long latency for the first
output item in the ungrouped condition, whereas we
observed an increase in latency for the first output item in
each group in the grouped sequences (for similar results in
the verbal domain, see Farrell, 2008; Maybery et al., 2002).
However, while temporal grouping reduced the rate of
adjacent transpositions for items at group boundaries, a
typical pattern in verbal STM for serial order (Henson,
1999; Maybery et al., 2002), we observed evidence against
an increase in interposition errors in grouped sequences.
This experiment confirmed, using a serial recall proce-
dure, the results of Gorin et al. (2018b) that temporal
grouping provides an advantage in short-term recognition

of musical stimuli. The pattern of grouping effects
observed in this experiment is very similar to what is typi-
cally reported for similar verbal STM tasks: grouping
induces scalloping of the serial position curve and pro-
vides a recall advantage (Frankish, 1985; Hitch et al.,
1996; Ryan, 1969a), leads to a decrease in adjacent trans-
positions (Maybery et al., 2002), and response latency is
longer at the beginning of groups (Farrell, 2008; Maybery
et al., 2002). However, we did not observe the classical
increase in interposition errors, which is a benchmark of
temporal grouping and is considered as evidence for the
existence of two-dimensional positional markers coding
the positions of items within the groups and the positions
ofthe groups or items in the sequence, respectively (Brown
et al., 2000; Burgess & Hitch, 1999; Hartley et al., 2016;
Henson, 1998).

The results reported here mirror those observed with
visuospatial material and where benchmarks of temporal
grouping effects were also observed, except for the
increase in interposition errors (Hurlstone, 2019). The
authors accounted for the difference by proposing a model
of serial order coding positional information in a slightly
different way with regard to the type of material. For ver-
bal information, two-dimensional markers code group
positions in the sequence and item positions within the
groups. For visuospatial material, the two-dimensional
markers code group and item positions in the sequence. A
straightforward account of the results reported here would
be to assume that the same positional coding scheme is
used for visuospatial and musical material, but that the
increase in interposition errors in grouped sequence is spe-
cific to the positional coding scheme used for verbal
information.

At the same time, the observation of interposition errors
in the verbal domain is limited to a very specific context
where the items are presented in a sequence of three groups
of three items (e.g., Hartley et al., 2016; Henson, 1996;
Hurlstone, 2019; Ng & Maybery, 2002, 2005; Ryan,
1969b). To the best of our knowledge, in the literature on
temporal grouping effects with verbal sequences of six
items (e.g., two groups of three items, see Farrell, 2008;
Hitch et al., 1996; Maybery et al., 2002; Parmentier &
Maybery, 2008), there is no study reporting an increase in
interposition errors in grouped sequences. Consequently,
inferring the nature of serial order representation in the
musical domain based on the assumption that in the verbal
domain grouping sequences of nine or six items in groups
of three should lead to the same pattern of grouping effects
may represent a shortcoming. Thus, it is a possibility that
the absence of increase in interposition errors with musical
material is related to the use of 6-item sequences but not to
the presence of different positional coding scheme between
the verbal and musical domains. If this is the case, we
should observe the same effect with verbal material as
seen in the present experiment.® To explore this possibility,
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we conducted an online study where participants had to
recall sequences of letters in serial order where we manip-
ulated the phonological similarity (similar vs. dissimilar)
and the type of grouping (ungrouped vs. grouped).

Experiment 2: forward serial recall of
verbal order

This experiment was conducted to determine whether the
absence of increase in interposition errors increase in
musical grouped sequences observed in Experiments 1
was due to the use of 6-item sequences or due to different
positional representation compared with the verbal
domain. To this aim, we conducted an online experiment
requiring participants to recall visually presented letter
lists. The first half of the experiment presented participants
with ungrouped sequences and the other half with grouped
ones. Moreover, to take into account the fact that with
musical material performance can be negatively impacted
by tonal proximity (Williamson et al., 2010), half of trials
presented sequences composed of phonologically similar
(e.g., D-G—C-T—-P-V) letters and the other half presented
dissimilar letters (e.g., R—-L—K-M-F-S).

Method

Sampling plan. This experiment was conducted during the
COVID-19 outbreak in Spring 2020. Due to organisational
constraints, we had to allow all participants to take part in
the study to ensure the validation of their course credits.
Thus, no specific criteria were applied to prior participants
who took part in this study as well. Consequently, the sam-
pling plan consisted in letting as many students as possible
to take part in the study. The URL of the experiment was
shared with the participants via a forum used in one of
their first-year psychology courses. Exclusion criteria was
applied only once the data collection period ended.

Participants. The experiment was approved by the ethics
committee of the Faculty of Psychology and Sciences of
Education of the University of Geneva. A total of 101 first-
year psychology students from the University of Geneva
participated in this online experiment in exchange for par-
tial course credit. After the exclusion of 15 participants
who met the exclusion criteria, the final sample was com-
posed of 86 participants (gender: 66 females, 19 males and
1 other; age in years: M=22.27, SD=6.03).

Exclusion criteria. We excluded participants with any
learning or neurological disorder as well as those not flu-
ent in French.

Stimuli. The stimuli consisted of 160, 6-letter sequences.
Half of the sequences were composed of phonologically
similar letters, drawn randomly without the replacement

six letters from the pool B, C, D, G, P, T, and V. The other
half was composed of phonologically dissimilar letters,
drawn without the replacement six letters from the pool
X, H, J, L, K, Q, and S. When generating the sequences,
we ensured that the same letter did not occur at the same
serial position in consecutive trials and that all the
sequences were unique. Finally, as in the previous experi-
ments, a new set of 180 sequences was generated for each
participant.

Procedure. Each trial started with a countdown from 3 to
1. The countdown was displayed in blue on a white back-
ground with a sans-serif font and a font size of 30. Each
digit was presented in the centre of the screen for a dura-
tion of 500ms, followed by a blank screen of 100 ms.
Immediately after the countdown, the six letters were
presented sequentially in the centre of the screen. Letters
were displayed in black on a white background with a
sans-serif font and using a font size of 40. Each letter was
presented for a duration of 500 ms, followed by a blank
screen lasting for 100 ms. In grouped trials, an additional
pause of 500 ms was added between the third and fourth
items.

Directly after the presentation of the last item, a
response field represented by an array of six horizontal
lines displayed from left to right was shown on the screen.
Participants were required to recall the sequence by enter-
ing the letters in their order of presentation using the key-
board of their computer. The response field was
automatically populated with participants’ answers with-
out any possibility to correct their response. Only letters
could be entered in the response field. Once the partici-
pant typed six letters, a message inviting them to start the
next trial was shown on the screen.

The experiment was separated into two blocks. In the
first block, participants were presented with ungrouped
and grouped sequences in the second block. The order of
the trials presenting phonologically similar and dissimilar
letters was random. Each block started with four trials,
presenting two phonologically similar and dissimilar letter
sequences. During the training session, participants had
feedback regarding the accuracy of their response, but not
during the experimental trials.

The task was programmed with lab.js, a free and open-
source online study builder (Henninger et al., 2019). Then,
the experiment was exported to and hosted on a protected
server of the University of Geneva. The management of
online data collection was performed with JATOS, an
open-source and free online studies manager (Lange et al.,
2015).

Hypotheses

The data obtained so far show that temporal grouping does
not lead to increased interpositions when using musical
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material, suggesting that different positional codes are
required to represent verbal and musical serial order in
STM. As there is no evidence in the verbal STM literature
that grouping sequences in two groups of three items leads
to an increase in interposition errors, an alternative inter-
pretation would be to consider that this effect is specific to
the use of longer grouping structures (e.g., 3 X 3 struc-
ture). If the latter is true and that similar positional codes
underlie serial order representation in verbal and musical
STM, we should observe the same pattern of data with ver-
bal material as observed in Experiment 1 with musical
material. In other words, we should observe a recall advan-
tage, a scalloped serial position curve, and response latency
with peaks at the beginning of groups for grouped
sequences, but no increase in interposition errors. If the
former interpretation is true, we should observe the same
pattern with an additional increase in interposition errors
for grouped sequences.

Regarding the effect of phonological similarity, no pre-
dictions were made before running the experiment, except
for the expectation that recall accuracy should be worse for
phonologically similar sequences. The manipulation of
phonological similarity was implemented in this experi-
ment only to take into account the fact there is an inherent
effect of pitch proximity when using tone sequences,
which is considered as a musical proxy of phonological
similarity (Williamson et al., 2010).

Results

As in the previous experiment, the analyses were per-
formed with JASP (JASP Team, 2018), using the same
default values for priors and applying the same analysis
plan. For each type of analysis (i.e., serial position curves,
transposition gradients, and response latencies), data from
trials presenting phonologically dissimilar and similar let-
ters were analysed separately.

Serial position curves. We computed the proportion of cor-
rect recall as a function of serial position and temporal
grouping across all the dissimilar trials for each participant.
We then performed a 2 X 6 repeated-measures BANOVA
with serial position (1-6) and grouping condition (grouped
vs. ungrouped) factors (see top-left of Figure 4). The results
revealed that the best model was the model with the two
main effects, preferred over the second best, the full model,
by a factor of 4.44 (see “Serial position curves” rows in
Table 3). This was confirmed by an analysis of effect that
provided decisive evidence for the two main effect (Group-
ing: BF, , ..,=1.43¢'; Position: BF, . =1.43e'%), but
anecdotal evidence against the presence of an interaction
(BFlnclusion =0 90) .

The same analysis was performed with data from trials
presenting phonologically similar letters, revealing that the
best model was the full model and was preferred over the

second best model by a factor of 1.67 (see top-right of
Figure 4). Given the ambiguous evidence for preferring the
best model over the second best model (see “Serial position
curves” rows in Table 4), we performed an analysis of
effect. The results yielded decisive evidence in favour of
the two main effects (Grouping: BF_, . =270e'!;
Position: BF, . =6.67¢"%) and moderate evidence in
favour of the existence of an interaction (BF, .., =6.70).
Transposition gradients. Note that for the analysis of trans-
position errors we removed the participants that produced
no error in at least one of the four experimental conditions,
leading to a sample of 77 participants.

For each participant, we computed the proportion of
errors as a function of absolute distance displacement and
temporal grouping across all the dissimilar among all the
errors. Then, we analysed the data with a 2 X 2 X 5
repeated-measures BANOVA with absolute transposition
distance (1-5) and grouping condition (grouped vs.
ungrouped) as factors (see middle-left of Figure 4). The
results provided strong evidence in favour of the best
model containing only the effect of distance, being pre-
ferred over the second best model with the two main
effects by a factor of 12.92 (see “Transposition gradients”
rows in Table 3).

The same analysis has been reproduced with data
from trials with phonologically similar letters (see mid-
dle-right of Figure 4). This provided strong evidence
that the best model is the full model that was preferred
over the second best model containing only the effect of
distance by a factor of 1.02 (see “Transposition gradi-
ents” rows in Table 4). As the results were ambiguous,
we performed an analysis of effects that revealed deci-
sive and moderate evidence supporting the presence of
an effect of distance (BF | ..,,=%) and an interaction
between distance and grouping (BF ... .=3.78),
respectively. Given the moderate support for the interac-
tion, we analysed the rate of adjacent transpositions and
interposition errors with directed Bayesian paired sam-
ples r-test (adjacent errors: H,=ungrouped > grouped;
interpositions: H, =ungrouped < grouped), as in the pre-
vious experiment. We obtained strong evidence against
both an increase in interposition errors (BF, =12.21)
and a decrease in adjacent transposition (BF;; =25.02) in
grouped trials.

Then, as in the previous experiment, we analysed the rate
of within-group and between-group transposition errors, dis-
tinguishing for the latest between interposition errors, group-
boundary transpositions, and other between-group
transpositions (all comparisons involved undirected Bayesian
paired samples #-test with default prior). As shown in Table
5, there is strong evidence that temporal grouping in dissimi-
lar trials induced an increase of within-group transposition
but a decrease of transpositions involving items at the group
boundary. At the same time, there was moderate evidence
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Figure 4. Top panels: serial position curve; middle panels: transposition gradients: bottom panels: response latencies. Left
and right parts of the figure depict data from phonologically dissimilar and similar trials, respectively (Experiment 2). Error bars
represent confidence interval computed on data corrected for between-subject variability (Morey, 2008), following Baguley (2012,

formula 8) recommendations.
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Table 3. Results of the Bayesian repeated-measures analyses of variances for the serial position curve, transposition gradients, and
response latencies for phonologically dissimilar sequences from Experiment 2.

Analysis Models P(M) P(M | data) BF ,, BF o Error %
Serial position Null model (incl. subject) 0.20 I.16e7%8 4.63e788 1.00
Condition + Position 0.20 0.82 17.76 7.05e% 1.23
Condition + Position+ 0.20 0.18 0.90 1.59e%” 1.26
Condition X Position
Position 0.20 1.99¢7"7 7.98¢7"7 1.72¢"! 1.49
Condition 0.20 9.95¢778 3.98¢777 8.59¢'° 6.18
Transposition gradients Null model (incl. subject) 0.20 445754 |.78e72% 1.00
Distance 0.20 0.93 51.09 2.08e233 1.94
Condition + Distance 0.20 0.07 0.31 1.61e%2 1.27
Condition + Distance+ 0.20 8.12¢™* 3.25¢73 1.82e%%0 1.32
Condition X Distance
Condition 0.20 3.70e7%3 |.48e7234 0.08 6.25
Response latencies Null model (incl. subject) 0.20 3.70e72%¢ |.48e72% 1.00
Condition + Position+ 0.20 1.00 1.17¢° 2.70e2% 1.26
Condition X Position
Condition + Position 0.20 34le™ |.36e8 9.22e%4 1.24
Position 0.20 2.42e713 9.67¢"3 6.53e22 1.54
Condition 0.20 9.88e72%¢ 3.95¢7%%% 2.67 6.17

BF: Bayes factor.

All models include subject and for each analysis models are compared with the null model; Condition: temporal grouping effect; Position: serial posi-
tion effect; Distance: transposition distance effect.

Table 4. Results of the Bayesian repeated-measures analyses of variances for the serial position curve, transposition gradients, and
response latencies for phonologically similar sequences from Experiment 2.

Analysis Models P(M) P(M | data) BF BF o Error %
Serial position Null model (incl. subject) 0.20 2.6le'% 1.05¢7'08 1.00
Condition + Position+ 0.20 0.63 6.70 2.40e'%8 1.26
Condition X Position
Condition + Position 0.20 0.37 2.39 1.43e'08 1.24
Position 0.20 2.46e™ "2 9.84¢72 9.41e% 1.51
Condition 0.20 4.72e7'03 |.89e'2 1.81e® 6.20
Transposition gradients Null model (incl. subject) 0.20 0.00 0.00 1.00
Condition + Distance+ 0.20 0.49 3.78 oo 1.30
Condition X Distance
Distance 0.20 0.48 3.65 0 1.94
Condition + Distance 0.20 0.04 0.15 o 1.27
Condition 0.20 0.00 0.00 0.08 6.25
Response latencies Null model (incl. subject) 0.20 3.97e72%0 1.59e727° 1.00
Condition + Position+ 0.20 1.00 8.54¢® 2.52¢?7° 1.26
Condition X Position
Condition + Position 0.20 4.64e77 |.86e7® 117273 1.25
Position 0.20 4.67e° |.87¢8 1.18e?"! 1.54
Condition 0.20 |.88e7280 7.52¢7280 0.47 6.17

BF: Bayes factor.

All models include subject and for each analysis models are compared with the null model; Condition: temporal grouping effect; Position: serial posi-
tion effect; Distance: transposition distance effect.

supporting an absence of difference between the rates of
interposition errors and other between-group transpositions.
Regarding similar trials, the results reported in Table 6 show

the exact same pattern as for dissimilar trials, except that
there was strong evidence for a difference in the rate of other
between-group transpositions.
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Table 5. Proportions in dissimilar trials of within- and between-group transposition errors, as a function of grouping condition, for

dissimilar trials from Experiment 2.

Grouping type Within Between groups

groups

Boundary Interpositions Others

Ungrouped .68 13 .06 A3

(:23) (17) (.08) (.15)
Grouped .80 .05 .05 .10

(21) (.09) (.09) (.15)
Pairwise-comparisons (ungrouped vs. grouped) BF,,=29.38 BF,,=34.82 BF, =6.46 BF, =3.63

BF: Bayes factor.

Values in parentheses are standard deviations. Pairwise-comparisons were conducted with undirected Bayesian paired samples t-tests.

Table 6. Proportions in similar trials of within- and between-group transposition errors, as a function of grouping condition, for

similar trials from Experiment 2.

Grouping type Within Between groups

groups

Boundary Interpositions Others

Ungrouped .67 A3 .07 A3

(.15) (.10) (.06) (.10)
Grouped 79 .07 .06 .08

(-19) (-13) (.08) (.08)
Pairwise-comparisons (ungrouped vs. grouped) BF,,=147.54 BF,,=46.95 BF,, =7.53 BF ,=63.8I

BF: Bayes factor.

Values in parentheses are standard deviations. Pairwise-comparisons were conducted with undirected Bayesian paired samples t-tests.

Response latencies. For each participant, we determined the
mean response latency for correct recall in dissimilar trials
as a function of temporal grouping and serial position. The
data were next analysed via a 2 X 6 repeated-measures
BANOVA with serial position (1-6) and grouping condi-
tion (grouped vs. ungrouped) factors (see bottom left of
Figure 4). The results yielded decisive evidence in favour
of the full model containing the two main effects and their
interaction, this model being preferred over the second best
model by a factor of 2.93¢® (see Table 3). The same analysis
has been performed with similar trials, leading to the same
outcome (see bottom-right of Figure 4); the full model
being the best model and preferred over the second best by
a factor of 2.16¢° (see Table 4).

Discussion

In Experiment 2, we observed that regardless of the pho-
nological similarity of the material, grouped sequences
were better recalled and characterised by a scalloped serial
position curve compared with ungrouped sequences. In
addition, the typical pattern of response latencies with a
latency peak for the first item of the second group was
found. However, in line with the results reported in
Experiment 1 with musical material, no increase in inter-
position errors was observed in grouped sequences for
both phonologically similar and dissimilar trials. At the

same time, it should be noted that the performance can be
seen as ceiling and that, in such a context, it is difficult to
exclude the possibility that the absence of an increase in
interposition errors in the grouped sequences is simply due
to the fact that the overall number of errors was too low. To
determine whether the lack of increase in interpositions is
due to ceiling or is specific to the 2 X 3 grouping structure
used in Experiment 2, we conducted an additional experi-
ment replicating the procedure used in Experiment 2 but
with an end-of-list distractor aimed at reducing recall per-
formance while keeping the same sequence structure.*

Experiment 3: serial recall of verbal
order with end-of-list distractor task

The goal of this experiment was to test whether the absence
of an increase in interpositions in grouped sequences in
Experiment 2 was due to the very low number of errors
induced by a ceiling effect or specific to the use of lists of
6 items grouped by three. The procedure was the same as
in Experiment 2, except that the presentation of each list
was followed by a parity judgement task asking partici-
pants to judge whether numbers presented on the screen
were even or odd. The purpose of this distracting task was
to reduce the precision of the recall—and therefore
increase the number of ordering errors—while keeping the
same grouping structure as in Experiments 1 and 2.
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Method

Sampling plan. Due to the COVID-19 pandemic situation,
the experiment was conducted entirely online. As with
Experiment 2, the sampling design was to let as many stu-
dents and non-students from our participant pool take part
in the study as possible.

Participants. The experiment was approved by the ethics
committee of the Faculty of Psychology of UniDistance
Suisse. Participants were recruited through the UniDis-
tance Suisse participant pool, which is composed mainly
of German-speaking psychology students and German-
speaking non-students interested in participating in experi-
ments. Students received partial course credit for their
participation and non-students participated in the experi-
ment on a voluntary basis. A total of 79 participants com-
pleted the online experiment. After excluding 14
participants who met the exclusion criteria, the final sam-
ple consisted of 55 participants (gender: 47 females and 8
males; age in years: M=35.83, SD=9.43).

Exclusion criteria. We excluded participants with any
learning or neurological disorder as well as those who
were not fluent in German. Participants were also excluded
from the analysis based on their performance in the end-
of-list distracting task, to ensure that they were actively
performing the task. Therefore, any participant with less
than 60% accuracy in the end-of-list distraction task was
excluded from the analysis.

Stimuli. The stimuli were the same as in Experiment 2, but
with two notable exceptions. First, due to the addition of a
distraction task at the end of the list, the duration of a trial
was increased compared with Experiment 2. Therefore, in
order to keep the task to a similar duration as in Experi-
ment 2, the total number of lists presented to the partici-
pant was 102 (25% phonologically similar and ungrouped,
25% phonologically similar and grouped, 25% phonologi-
cally dissimilar and ungrouped, and 25% phonologically
dissimilar and grouped). Second, because the participants
were German speakers, the phonologically dissimilar let-
ters consisted of V, Y, X, Z, J, and Q, and the phonologi-
cally similar letters consisted of B, C, D, G, P, and T.

Procedure. The procedure was exactly the same as in
Experiment 2, except for the addition of the end-of-list dis-
tractor. After the last item was presented, a blank screen
was presented for 1,000 ms, followed by eight digits pre-
sented in the centre of the screen (700 ms on and 200 ms
off). Participants were instructed to press the S key as
quickly as possible when the digit presented was even, and
to press L when the digit presented on the screen was odd.
They were informed that they could press the keys during
the presentation of the numbers as well as during the blank

screen after each number was presented. The numbers
were randomly selected with replacement.

After the end-list distractor, the recall procedure pro-
ceeded as described in Experiment 2. During the training
session, participants received feedback after each trial
regarding the number of letters correctly recalled and the
number of correct parity judgements. No feedback was
given during the experimental trials.

The task was programmed with lab.js, a free and open-
source online study builder (Henninger et al., 2019), and
implemented on a protected server with PHP. Participants
accessed the experiment with a custom URL.

Hypotheses

The data from Experiments 1 and 2 support the view that
temporal grouping has similar effects on the musical and
verbal STM. It is noteworthy that the observed pattern in
both domains indicates that for lists of 6 items grouped
into threes, there is no increase in interposition errors, con-
trary to what would be predicted from serial order models
that best account for temporal grouping effects in STM
(see, for example, Brown et al., 2000; Burgess & Hitch,
1999; Hartley et al., 2016; Henson, 1998). At the same
time, the presence of a ceiling effect in recall accuracy in
Experiment 2 limits this interpretation for the verbal
domain. By adding an end-of-list distractor, this experi-
ment aims to confirm the data from Experiment 2, namely
that verbal lists of 6 items grouped into threes do not lead
to an increase in interposition errors, as also observed in
Experiment 1 with musical material.

In other words, this experiment aimed to test that verbal
and musical STM are supported by common ordering
mechanisms. The experiment also aimed to verify that the
observation of increased interposition errors in recall of
grouped lists is characteristic of longer sequences and/or
sequences with more groups (e.g., a 3 X 3 grouping struc-
ture). If this hypothesis is correct, we would expect to
observe the usual temporal grouping effects, except for the
increase in interposition errors. As in Experiment 2, there
was no specific prediction regarding the phonological sim-
ilarity effect and its interaction with other factors, except
that recall accuracy should be worse for phonologically
similar sequences. As a reminder, this manipulation was
introduced to have a closer comparison with musical mate-
rial for which there is an inherent tonal proximity effect
(Williamson et al., 2010).

Results

As in the previous experiment, the data were analysed
using JASP (version 0.14, JASP Team, 2018) with the
same default values for priors and applying the same anal-
ysis plan. For each analysis (i.e., serial position curves,
transposition gradients, and response latencies), data from
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trials presenting phonologically dissimilar and similar let-
ters have been analysed separately.

Serial position curves. We calculated for each participant
the proportion of correct recalls as a function of serial
position and temporal grouping first for phonologically
dissimilar trials. The data were then submitted to a 2 X 6
repeated-measures BANOVA with serial position (1-6)
and grouping condition (grouped vs. ungrouped) factors
(see top-left of Figure 5). The results revealed that the best
model was the one with the two main effects only, pre-
ferred over the second best model (full model) by a factor
of 32.76. This result represents strong evidence in favour
of an effect of grouping on recall accuracy and on serial
position, but no interaction between the two factors (see
“Serial position curves” rows in Table 7).

The same analysis was performed with data from trials
with phonologically similar letters, leading to the same pat-
tern of data as for phonologically dissimilar letters, with the
best model being the model with the two main effects,
which was preferred to the full model by a factor of 68.68
(see top-right of Figure 5 and “Serial position curves” rows
in Table 8).

Transposition gradients. Prior to statistical analysis of trans-
position errors, participants who produced no order errors
in at least one of the four experimental conditions were
removed. After the removal of these participants, the trans-
position error analysis was finally conducted on a sample
of 51 participants.

We calculated for each participant the proportion of
errors, as a function of absolute distance shift and tempo-
ral grouping, among all order errors in the phonologically
similar condition. We then analysed the data witha 2 X 5
repeated-measures BANOVA with absolute transposition
distance (1-5) and grouping condition (grouped vs.
ungrouped) as factors (see middle-left of Figure 5). The
results provided strong evidence in favour of the model
containing only the distance effect as the best model,
which was preferred to the second best model with both
main effects by a factor of 10.56 (see “Transposition gra-
dients” rows in Table 7).

The same analysis was repeated on data from trials with
phonologically similar letters, leading to similar results to
those obtained with phonologically dissimilar letters (see
middle-right of Figure 5). The results provided strong evi-
dence that the best model was the one with only a main
effect of distance, preferred to the second best model with
both main effects by a factor of 10.56 (see “Transposition
gradients” rows in Table 8).

As in previous experiments, we also analysed the rate
of within-group versus between-group transposition errors.
For the latter, we distinguished between interposition
errors, transpositions at groups boundary, and other
between-group transpositions (all comparisons involved
undirected Bayesian paired samples ¢-test with default

prior as provided in JASP). As shown in Table 9 the pho-
nologically dissimilar lists showed overall moderate evi-
dence for an absence of difference between the two
grouping conditions with respect to different types of
transposition errors. Regarding phonologically similar
lists (see Table 10), we obtained decisive evidence of a
decrease in transpositions at the groups boundary and
moderate evidence for an absence of increase in interposi-
tion errors in grouped sequences.

Response latencies. For each participant, we averaged the log
of response latency in milliseconds for each correct recall in
dissimilar trials as a function of temporal grouping and serial
position. The data were then analysed via a 2 X 6 repeated-
measures BANOVA with serial position (1-6) and grouping
condition (grouped vs. ungrouped) factors (see bottom-left
of Figure 5). The results provided decisive evidence in favour
of the full model containing the two main effects and their
interaction, this model being preferred to the second best
model with the two main effects by a factor of 19.47 (see
“Response latencies” rows in Table 7). Response latencies
for phonologically similar lists have been analysed in the
same way, yielding anecdotal evidence (BF ,=1.65) in
favour of the full model (best model) when compared with
the second best model containing only an effect serial
position (see “Response latencies” rows in Table 8).
Given the ambiguous evidence regarding the presence of
an effect of interaction between serial position and group-
ing on response latency, we conducted an analysis of
effect that provided moderate evidence for the presence of

such an interaction (BF |, ...=3.93, see also Figure 5).

Discussion

By introducing an end-of-list distracting task, Experiment
3 aimed to test whether the absence of an increase in inter-
position errors in the recall of 6-letter grouped lists in
Experiment 2 was due to a ceiling in recall or to the spe-
cific 2 X 3 grouping structure used. The experiment also
sought to determine whether the lack of increase in inter-
position errors in the 2 X 3 grouped sequences observed in
Experiment 1 was specific to the musical domain or
whether it is a more general feature of STM that extends to
the verbal domain as well.

The end-of-list distractor has the expected effect of
reducing recall accuracy relative to Experiment 2, espe-
cially for phonologically similar lists that are of particular
interest for comparison with the music domain. We repli-
cated the usual pattern of temporal grouping effects, but
again observed an absence of increase in interposition
errors. These results are in line with those reported in
Experiments 1 and 2, suggesting that the absence of an
increase in interposition errors in the recall of 6-letter lists
grouped into two groups of three items was not due to a
ceiling effect but might be related to the 2X3 grouping
structure used in the experiment. This therefore supports
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Figure 5. Top panels: serial position curve; middle panels: transposition gradients: bottom panels: response latencies. Left
and right parts of the figure depict data from phonologically dissimilar and similar trials, respectively (Experiment 3). Error bars

represent confidence interval computed on data corrected for between-subject variability (Morey, 2008), following Baguley (2012,

formula 8) recommendations.
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Table 7. Results of the Bayesian repeated-measures analyses of variances for the serial position curve, transposition gradients, and
response latencies for phonologically dissimilar sequences from Experiment 3.

Analysis Models P(M) P(M | data) BF BF o Error %
Serial position Null model (incl. subject) 0.20 8.76e™* 3.50e™ 1.00
Grouping + Position 0.20 0.97 131.05 I.Ile*¥ 1.23
Grouping + Position+ 0.20 0.03 0.12 3.38e "% 1.24
Grouping X Position
Position 0.20 6.31e™'? 2.52¢7! 7.20e*% 1.42
Grouping 0.20 6.17¢™0 2.47e™% 7.04e*7 6.14
Transposition Null model (incl. subject) 0.20 6.72¢7'!! 2.69e7!10 1.00
gradients Distance 0.20 0.90 37.66 7447 1.90
Grouping + Distance 0.20 0.09 0.37 7.85e7!10 1.27
Grouping + Distance+ 0.20 0.0l 0.04 64771 1.31
Grouping X Distance
Grouping 0.20 6.83e7'"2 2.73e7 ! 10.23 6.26
Response Null model (incl. subject) 0.20 9.27e™8 371e™® 1.00
latencies Grouping + Position+ 0.20 0.95 77.88 1.03e " # 1.23
Grouping X Position
Grouping + Position 0.20 0.05 0.21 5.27e " 80 1.23
Position 0.20 [.18e7 4.73e7® 1.28e 777 1.48
Grouping 0.20 2.13¢78 85le® 22.95 6.14

BF: Bayes factor.

All models include subject and for each analysis models are compared with the null model; Condition: temporal grouping effect; Position: serial posi-
tion effect; Distance: transposition distance effect.

Table 8. Results of the Bayesian repeated-measures analyses of variances for the serial position curve, transposition gradients, and
response latencies for phonologically similar sequences from Experiment 3.

Analysis Models P(M) P(M | data) BF » BF o Error %
Serial position Null model (incl. subject) 0.20 1.69e78! 6.74e78 1.00
Grouping + Position 0.20 0.99 274.68 5.85¢ " & 1.23
Grouping + Position+ 0.20 0.0l 0.06 85le*7® 1.26
Grouping X Position
Position 0.20 25le™ [.0le™ 1.49e 775 1.49
Grouping 0.20 5.55e77? 2.22e778 329.14 6.17
Transposition Null model (incl. subject) 0.20 I.14e7'40 4.57¢7'%0 1.00
gradients Distance 0.20 091 40.36 7.96e 1% 1.91
Grouping + Distance 0.20 0.09 0.38 7.54e " 138 1.27
Grouping + Distance+ 0.20 4.02e3 0.02 3.52e %1% 1.31
Grouping X Distance
Grouping 0.20 [.17e7'4 4.64e™'4! 0.10 6.26
Response Null model (incl. subject) 0.20 4.75e7¢ 1.90e7¢ 1.00
latencies Grouping + Position+ 0.20 0.50 3.93 1.04e " 63 1.24
Grouping X Position
Position 0.20 0.30 1.72 6.33e "2 1.47
Grouping + Position 0.20 0.20 1.02 4.29e "¢ 1.24
Grouping 0.20 |.45¢% 5.80e7%* 0.31 6.17

BF: Bayes factor.

All models include subject and for each analysis models are compared with the null model; Condition: temporal grouping effect; Position: serial posi-
tion effect; Distance: transposition distance effect.

that musical and verbal STM are characterised by similar
temporal grouping effects—suggesting the presence of
similar ordering mechanisms in both domains—while also

indicating the presence of boundary conditions for observ-
ing increased interposition errors in the recall of grouped
sequences from STM.
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Table 9. Proportions in dissimilar trials of within- and between-group transposition errors, as a function of grouping condition, for

dissimilar trials from Experiment 3.

Grouping type Within Between groups

groups

Boundary Interpositions Others

Ungrouped .54 .08 15 23

17) (.08) (.15) (.13)
Grouped .58 .07 .18 .18

(22) (.15) (.18) (.13)
Pairwise-comparisons (ungrouped vs. grouped) BFOI=4.33 BFOI =5.41 BFOI1=2.83 BFOI =1.43

BF: Bayes factor.

Values in parentheses are standard deviations. Pairwise-comparisons were conducted with undirected Bayesian paired samples t-tests.

Table 10. Proportions in similar trials of within- and between-group transposition errors, as a function of grouping condition, for

dissimilar trials from Experiment 3.

Grouping type Within Between groups

groups

Boundary Interpositions Others

Ungrouped Sl .09 .14 .26

(.12) (.05) (.06) (.10)
Grouped .57 .05 16 22

(.18) (.04) (-10) (.:09)
Pairwise-comparisons (ungrouped vs. grouped) BF10=1.22 BF10=229.75 BFOI=3.36 BF10=2.52

BF: Bayes factor.

Values in parentheses are standard deviations. Pairwise-comparisons were conducted with undirected Bayesian paired samples t-tests.

General discussion

The goal of the present series of experiments was to deter-
mine whether the temporal grouping effects predicted by
positional theories of serial order in verbal STM (see, for
example, Brown et al., 2000; Burgess & Hitch, 1999;
Henson, 1998) can be extended to the musical domain
(Gorin et al., 2018a). In a first experiment, non-musicians
were required to reconstruct the serial order of 6-tone
sequences in a forward manner. The results showed that
grouped sequences were overall better recalled than
ungrouped sequences and that the former were character-
ised by a scalloped-shape recall curve reflecting the group-
ing structure used in the experiment. Response latencies
adopted a classical inverted U-shape with longer latency
for the first item in the list, as well as for the first item in
the groups in grouped sequences. We did not observe an
increase in interposition errors in the recall of temporally
grouped musical sequences, but we reported a small
decrease in adjacent transposition errors in grouped
sequences, reflecting a decrease of transpositions involv-
ing items at group boundaries. Since interposition errors in
6-item grouped sequences are not well documented in the
verbal STM literature, we conducted an online experiment
requiring participants to serially recall grouped and
ungrouped 6-letter sequences (Experiment 2) to compare
with the observations from the musical domain. The pat-
tern observed was similar to that observed in Experiment 1

but the conclusions were limited by the presence of ceiling
effect at recall. In a last online experiment (Experiment 3),
we asked participants to performed a task similar to that in
Experiment 2 while introducing an end-of-list distractor to
reduce ceiling effect. Even in the absence of ceiling effect
we reproduced the same pattern of data as observed in
Experiments 1 and 2, supporting the view that it is a gen-
eral phenomenon that grouping 6-item sequences into
groups of three is characterised by benchmark grouping
effects but without an increase in interposition errors.

The experiments reported here provide additional evi-
dence supporting the claim that temporal grouping effects
observed in the verbal domain of STM could be extended
to the musical domain as well (Gorin et al., 2018b). First,
we obtained clear evidence from all experiments that pre-
senting participants with 6-item verbal and musical
sequences grouped by three lead to a recall advantage
compared with the recall of the same, but ungrouped
sequences. This replicates the recall advantage for grouped
sequences observed with verbal (Farrell & Lewandowsky,
2004; Frankish, 1985; Hartley et al., 2016; Hitch et al.,
1996; Ng & Maybery, 2002, 2005; Ryan, 1969b) and non-
verbal materials (Hurlstone, 2019; Hurlstone & Hitch,
2015, 2018; Parmentier et al., 2004).

Second, in all three experiments, the serial position
curve for grouped sequences was characterised by a scal-
loped appearance reflecting the 2 X 3 grouping structure
used in the present study. It is noteworthy that while the
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recall of grouped sequences showed a scalloped serial
position curve, the interaction between serial position and
grouping that characterises the scalloped shape was less
strong than usually observed with longer grouped
sequences (see, for example, Hartley et al., 2016; Ryan,
1969a). Indeed, the scalloping in our study was mainly
limited to that of the first group, and this was similarly for
musical and (phonologically similar) verbal sequences.
This pattern is nonetheless in line with previous studies on
temporal grouping with non-verbal sequences of similar
length and grouping structure (Hurlstone & Hitch, 2018;
Parmentier et al., 2004).

Third, the use of a forward reconstruction-of-order pro-
cedure with musical material in Experiment 1 allowed to
demonstrate that the recall of musical material from STM
is characterised by the same inverted U-shaped profile, but
with a long latency for the first output position. In addi-
tion, grouped musical sequences showed an additional
latency peak for the first item of each temporal groups.
Although the latencies were from different timescales, the
same pattern has been reproduced with 6-item verbal
sequences in Experiments 2 and 3. This corroborates pre-
vious findings in the verbal (Farrell & Lewandowsky,
2004; Maybery et al., 2002; Parmentier & Maybery, 2008)
and non-verbal (Hurlstone & Hitch, 2015,2018; Parmentier
et al.,, 2004) domains of STM regarding the profile of
response latencies and the influence of temporal grouping
on these latencies in STM tasks.

Finally, across all verbal and musical STM experi-
ments, we observed that temporal grouping had none or
only a limited influence on the pattern of transpositions.
More importantly, we did not observe any increase in
interposition errors. While this is in contradiction with the
usually reported effect of temporal grouping on the pattern
of transposition errors in the verbal domain (Henson, 1996,
1999; Ng & Maybery, 2002, 2005; Ryan, 1969b), we
reported the same absence of effect of temporal grouping
on interposition errors for the serial recall of 6-letter
sequences in Experiments 2 and 3. Importantly, while data
from Experiment 2 limit any interpretation of transposition
patterns because of the presence of ceiling effect at recall,
the comparison of data from Experiment 1 and phonologi-
cally similar verbal sequences from Experiment 3 (mim-
icking the pitch proximity inherent to musical sequences)
clearly supports the view that, similar to the verbal and
musical domains, grouping 6-item sequences by groups of
three does not increase the proportion of interposition
errors compared with ungrouped sequences.

Implication for theories of serial order STM

The observation of key grouping effects in forward recon-
struction of tone sequences, as well as the reproduction of
the same pattern of data in verbal and musical tasks
observed in the current set of experiments is in favour of
the view that representing serial order in musical and

verbal STM could be supported by similar mechanisms. In
the verbal domain, temporal grouping effects are well
accommodated by models assuming that serial order is
represented based on positional markers coding items or
groups for their position in the sequence and within the
groups (Hurlstone et al., 2014; Lewandowsky & Farrell,
2008). Consequently, the category of models assuming a
hierarchical representation of serial order based on posi-
tional markers (Brown et al., 2000; Burgess & Hitch, 1999;
Hartley et al., 2016; Henson, 1998; Hurlstone, 2019) rep-
resents a good candidate to account for the effects reported
in the musical and verbal STM tasks described in the pre-
sent study, and suggests that serial order representation
across these two domains is general.

At the same time, the absence of increase in interposi-
tion errors in grouped sequences is challenging for STM
models assuming a hierarchical representation of serial
order (Brown et al., 2000; Burgess & Hitch, 1999; Hartley
et al., 2016; Henson, 1998; Lewandowsky & Farrell,
2008). The ability of these models to account for grouping
effects (Frankish, 1985, 1989; Hartley et al., 2016; Henson,
1996; Hitch et al., 1996; Maybery et al., 2002; Ng &
Maybery, 2002, 2005; Ryan, 1969a, 1969b) relies on the
hierarchical representation of positional information.
However, the consequence of using hierarchical represen-
tation of serial order is that any model implementing that
mechanism should predict an increase in interposition
errors in grouped sequences, even with shorter sequences.
As it is not clear from previous research whether the
absence of increased interpositions is typical of the recall
of 6-item sequences grouped with a 2X3 structure (see
Farrell, 2008; Hitch et al., 1996; Maybery et al., 2002;
Parmentier & Maybery, 2008), it is a possibility that this
specific grouping structure represents a particular case. In
some positional models (e.g., Brown et al., 2000; Henson,
1998), terminal positions are represented with greater dis-
tinctiveness. Thus, the positional codes of the two groups
in a 2-group structure are more distinctive compared with,
for instance, the positional codes between the second and
third groups in a 3-group structure. It is then a possibility
that a 2X3 grouping structure represents a special case in
which there is no group at terminal positions, which then
prevents the occurrence of interposition errors due to the
increased distinctiveness between the groups. Further
modelling work would be required to explore this account.

The analysis of interposition errors in grouped
sequences is useful to better understand the mechanisms
representing serial order in STM and to study the nature of
these mechanisms across different domains. Hurlstone
(2019) showed that the recall of visuospatial and verbal
sequences grouped with a 3X3 structure are characterised
by different patterns of transposition errors. To explain the
absence of increase in interposition errors in the visuospa-
tial domain, the authors suggested that positional informa-
tion may be represented differently for visuospatial
information. In the present study, the absence of increase
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of interpositions does not seem to be linked to the STM
domain, but rather appears as specific to the 2 X 3 group-
ing structure used. Consequently, contrary to the compari-
son between the visuospatial and verbal domains for which
the same grouping structure leads to different patterns of
transposition errors and suggests the existence of different
ordering codes (Hurlstone, 2019, see also Soemer & Saito,
2016 for similar claim), the comparison in the present
study rather supports the existence of similar mechanisms
for ordering musical and verbal information while high-
lighting the fact that the observation of increased interposi-
tion errors is dependent on the type of grouping pattern.

Although the pattern of temporal grouping effects is
similar across the musical and verbal domains in this study,
it does not disprove evidence for domain-specificity of
serial order in STM (Hurlstone, 2019; Logie et al., 2016;
Saito et al., 2008; Soemer & Saito, 2016). Indeed, the
results are also compatible with the view that domain-spe-
cific but functionally similar mechanisms for the retention
of serial order exists across different domains (Logie et al.,
2016). Further studies are then required to distinguish
more precisely between the domain-general versus
domain-specific theories of serial order in the verbal and
musical domains of STM. Investigating the effect of cross-
modal interference of order between musical and verbal
domains in dual-task setting may be of great interest to
tackle that question (Depoorter & Vandierendonck, 2009;
Vandierendonck, 2016).

Methodological advances in studying musical
STM for serial order

This series of experiments extends previous work on the
development of a tool to study serial order phenomena in
musical STM (Gorin et al., 2018a, 2018b). To address the
question of the domain-generality of serial order mecha-
nisms in STM, it is critical to use memory tasks having the
same ordering requirements across domains. Gorin et al.
(2018a) showed that using the same task as in Experiments
1A and 1B, recall of tone sequences in non-musicians was
characterised by errors patterns and sequence length
effects similar to those reported in verbal STM tasks. They
also reported that the presence of serial position effects
was characterised by smaller primacy and recency effects
compared with what is usually reported with verbal tasks.
In Experiments 1A and 1B, we reproduced the observation
of serial position effects characterised by primacy and
recency in ungrouped tone sequences, as well as typical
transposition gradients, as observed with verbal material
(Hurlstone et al., 2014; Lewandowsky & Farrell, 2008). In
Experiment 2, participants had to reconstruct the sequence
in forward serial order, making the task closer to the typi-
cal procedure used in verbal serial recall tasks. We also
used a larger number of tones, instead of always using the
same six tones, to reduce intertrial interference. This new
procedure led to a clear improvement in recall accuracy

compared with Experiments 1A and 1B as well as with
more pronounced serial position effects. We also repli-
cated the typical transposition gradients and were able to
analyse response latencies, the latter being characterised
by a shape similar to what is usually reported in the verbal
domain (Hurlstone et al., 2014; Lewandowsky & Farrell,
2008). The presence of the same pattern of movement
errors and forward recall serial position effects as reported
with verbal material (Hurlstone et al., 2014; Lewandowsky
& Farrell, 2008) in our musical STM task in Experiment 2
supports the reliability of this task to study serial order
phenomena in the musical domain, and opens the way to
systematic comparison between order phenomena
observed in the musical and other domains.

At the same time, it is important to note that the proce-
dure developed in Experiment 2 still has some critical dif-
ferences compared with verbal reconstruction tasks. For
the latter, participants are asked to reconstruct the serial
order of sequences of items (e.g., words, letters, and digits)
that are represented at recall. The same principle was
implemented in our musical task. However, even though
the tones were organised from the lowest (left) to the high-
est (right) at recall to simplify the procedure, the partici-
pants had to search for the correct tones by clicking on the
different items. Compared with verbal reconstruction tasks
for which there is a direct access to the item at recall, this
procedure inevitably created more interference. This could
partially explain the poorer performance in the musical
domain, in addition to the fact that participants were non-
musicians and required more time to complete a trial. In
turn, this would explain, at least in part, the presence of
overall longer response latencies compared with the verbal
domain.

Future directions

Future research should focus on adapting verbal serial
reconstruction tasks to match the procedure used in
Experiment 1. We could imagine an experiment in which
participants would be asked to perform a serial order
reconstruction task, as described in Experiment 1, with
either tones or auditory consonants. This represents a more
direct comparison between the two domains as the two
tasks would be the exact same, except for the stimuli,
allowing then to draw a better conclusion regarding the
generality of serial order phenomena in the verbal and
musical domains of STM.

It is important to note that the order phenomena charac-
terising verbal STM tasks (Hurlstone et al., 2014;
Lewandowsky & Farrell, 2008) are usually reported when
testing a population of adults that are highly familiar with
the memoranda (e.g., letters, digits, and words). In other
words, one could consider that verbal order phenomena in
STM reflects the behaviour of verbal experts in maintain-
ing the order of verbal information (for language-based
accounts of serial order processing in verbal STM, see
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Acheson & MacDonald, 2009; Majerus, 2013; Schwering
& MacDonald, 2020). Consequently, comparing the effect
of grouping in musical STM with non-musicians to the
same effect in the verbal domain with verbal experts may
represent a sub-optimal comparison. A more optimal strat-
egy to assess the domain-general hypothesis of serial order
would be to explore the effect of grouping on the recon-
struction of 9-tone sequences (e.g., 3-item group structure)
in musicians. Using a melodic dictation recall method,
Deutsch (1980) showed a positive effect of temporal
grouping on recall accuracy of 12-tone sequences in musi-
cians, as well as scalloped serial position curves. In addi-
tion, it has been shown that the recall from long-term
memory of melodies played with a piano is characterised
by interposition-like errors in sequences with a strong met-
rical structure (Mathias et al., 2015). Assuming the feasi-
bility of asking musicians to reconstruct 9-tone sequences
using the procedure described in Experiment 1, and con-
sidering the data from Deutsch (1980) and Mathias et al.
(2015), further studies exploring grouping effects in musi-
cal STM in musicians are required to provide a more strin-
gent test of the domain-generality hypothesis of positional
markers in STM.

The observation of an absence of increase in interposi-
tion errors in recalling 2 X 3 grouped sequences, consist-
ently with both musical and verbal material (even in
absence of ceiling effect), supports the potential existence
of boundary conditions to observe an effect of temporal
grouping on transposition errors in STM. While addressing
that matter is out of the scope of the current paper, that
observation places new constraints on models of serial
order. In addition, studying more systematically the factors
(e.g., sequence length, group sizes, number of groups), and
their interaction, driving the increase in interposition errors
in serial recall may help in shedding new light on our
understanding of serial order representation in STM.
Recent work by Kowialiewski et al. (2021) has shown that
sequences of six words grouped into pairs are characterised
by an increase in interposition errors compared with the
same ungrouped sequences. This indicates that the observa-
tion of an increase in interposition errors in grouped
sequences seems to depend more on the number of groups
in the sequence, rather than on the length of the sequence.

Conclusion

We observed benchmark temporal grouping effects in
serial order reconstruction tasks with tone sequences,
except for the typical effect of grouping on interposition
errors. This pattern was replicated with the serial recall of
verbal sequences comparable to the musical material used
in the first experiments. The results overall support the
view that positional markers described in verbal models
of STM to represent serial order (e.g., Brown et al., 2000;
Burgess & Hitch, 1999; Henson, 1998) could be extended
to the musical domain as well. Further research is

nonetheless required to determine whether direct support
for positional markers can be witnessed with longer musi-
cal sequences in musicians.

Acknowledgements

The author is thankful to Vanessa Day-Diongzon and Serra
Akaoglu for their help in collecting the data, and to Mariela
Mihaylova for her help with proofreading this manuscript. He
also thanks Benjamin Kowialiewski for his valuable comments
and suggestions on a previous version of this manuscript, and
Pierre Barrouillet, Nicolas Rothen, and Thomas Reber, for pro-
viding the resources to conduct this study. Finally, he is grateful
to the editor and the two anonymous reviewers for their insights
and constructive comments during the review process.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
Simon Gorin is a post-doctoral researcher working for the School
of Tomorrow project supported by the Canton du Valais.

ORCID iD

Simon Gorin https://orcid.org/0000-0001-7462-0446

Data accessibility statement

0

All relevant data and materials (i.e., raw data, processing scripts,
statistical analyses output files, and the experimental tasks) are
openly accessible via time-stamped registration of the project on
the Open Science Framework (OSF) (https://osf.io/e5dg3). The
research reported in this paper has been initiated by a series of
two preregistered experiments not reported here (the time-
stamped preregistration of these experiments is available on the
OSF: https://osf.io/kmy7j; the conclusion from these experi-
ments is also available on the OSF: https://osf.io/c8k95/).
Experiment 1 has been preregistered prior to data collection (the
time-stamped preregistration of the experiment is available on
the OSF: https://osf.io/t4rm3). Experiments 2 and 3 were not
preregistered.

Notes

1. The research presented in this paper is an extension of the
study of temporal grouping effects in musical STM initiated
by Gorin et al. (2018a). To this aim, we first conducted two
experiments to study the effect of temporal grouping on the
unconstrained reconstruction of order of 6-tone sequences.
These two studies were preregistered and a discussion of
their results can be found on the OSF (see the Open Practice
Statement) and in version 2 of the preprint of this paper
posted on PsyArXiv (https://psyarxiv.com/mfynu). Since
these two experiments used the same unconstrained recon-
struction of order procedure as in Gorin et al. (2018a), it
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has been decided to not report these two experiments in this
paper that focus on forward serial recall. Moreover, there is
evidence that unconstrained and forward reconstruction of
order can behave differently (Lewandowsky et al., 2008).

2. Note that Farrell and Lewandowsky (2004) did an analy-
sis of the transposition errors with 6-digit sequences and
reported an absence of effect of temporal grouping on the
transpositions profile but, as described by the authors, this
is explained by the ceiling effect in recall accuracy.

3. An alternative would have been to perform the same experi-
ment as Experiment 1 but with longer sequences—that is, 3
X 3 grouped sequences. However, we chose to work with
verbal material to avoid floor effect on the recall accuracy
if long sequences were used. Although recruiting a popula-
tion of participants with musical expertise could have been
the solution to use longer tone sequences, the present study
focused on STM in non-musical participants. The choice
was therefore made to use verbal material instead of long
tone sequences.

4.  The author is indebted to an anonymous reviewer for this
suggestion.
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