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Abstract

Verbal working memory (WM) has been assumed to involve two different systems of
maintenance, a phonological loop and a central attentional system. Though the capacity estimate
for letters of each of these systems is about four, the maximum number of letters that individuals
are able to immediately recall, a measure known as simple span, is not about eight but six. We
tested the hypothesis that, unaware of the dual structure of their verbal WM, individuals
underuse it by trying to verbally rehearse too many items. In order to maximize the use of verbal
WM, we designed a new procedure called the maxispan procedure. When performing an
immediate serial recall task, participants were invited to cumulatively rehearse a limited number
of letters, and to keep rehearsing these letters until the end of the presentation of the list in such a
way that the following letters can no longer enter the phonological loop and must be stored in the
attentional system. As we expected, in three successive experiments, the maxispan procedure
resulted in a dramatic increase in spans compared with the traditional simple span procedure,
with spans approaching eight when the to-be-rehearsed letters were presented auditorily and the
following letters visually. These results indicate that simple spans, which have been used for
more than a century in intelligence tests and are assumed to measure the capacity of short-term
memory, actually reflect the complex interplay between different structures and cognitive

processes.

Keywords: Verbal Working Memory, Short-term Memory, Simple spans, Verbal rehearsal,
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Simple Spans Underestimate Verbal Working Memory Capacity

In his theoretical note about the famous Miller’s (1956) article “The magical number seven,
plus or minus two”, Cowan (2015a) noted that one of the most important constraints that science
faces is the restriction of topics that are pursued, and he pleaded for returning to research on the
topic of the numerical limit of capacity in working memory (WM) introduced by Miller. Sixty
years after its publication, Miller’s article is still one of the ten most often cited works in
psychology (Ho & Hartley, 2016). Accordingly, every student knows that the capacity of
immediate verbal memory is about seven, plus or minus two. As noted by Cowan, Morey, and
Chen (2007), even individuals who know very little about psychology are still likely to have
heard or read that people can keep in mind about seven items, this number being part of
psychological folk wisdoms. The identification of seven as the limit of the human processing
system capacity has not only suffused folk psychology, but also spread into other domains of
scientific psychology, such as developmental psychology (Pascual Leone, 1970), educational
psychology (Kirschner, Sweller, & Clark, 2006, van Gog & Paas, 2008), applied psychology
(Kareev, 2000). The magical number seven is also evoked in education (Sweller, van
Marrienboer, & Paas, 1998; Sweller & Chandler, 1994), management (Van de Ven, 1986), or
computing science (Jones, Ravid, & Rafaeli, 2004) to name few of these fields.

Though Miller (1956) launched the modern research on immediate memory, psychologists
had surmised long before Miller’s article that measuring this type of memory could tell us
something about human mind, its functioning (or dysfunction) and development. The measure of
immediate verbal memory has indeed played a particular role in the history of psychology.

Richardson (2007) mentions that Holmes (1871) was probably the first to assess the immediate
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recall of lists of digits or letters, a task that Cattell (1890) included in an early mental test. From
Binet and his scale for children’s intelligence (Binet & Simon, 1905), which was the first
intelligence test and has been the matrix of many similar scales (e.g., the Stanford-Binet test), to
the most contemporaneous and widespread psychometric tools (Weschler, 2014), measuring the
number of items that children or adults are able to immediately recall in correct order has been
part of virtually all the intelligence scales'. This presumed relationship between intelligence and
immediate memory span has been the object of continued inquiry, scholars studying individual
differences having demonstrated strong correlations between the two constructs (Colom, Flores-
Mendoza, Quiroga, & Privado, 2005; Gignac & Weiss, 2015), while brain imaging techniques
revealed common cerebral substrates (e.g., Colom, Jung, & Haier, 2007). Thus, measuring
individuals’ immediate verbal memory is nowadays part of usual psychological and
neuropsychological assessment.

However, the digit span task has been used for so long by practitioners, and Miller’s (1956)
article has been so routinely cited that nobody seems to have questioned the implicit assumption
that simple spans? accurately reflect the capacity of the mnemonic system they are intended to
measure, immediate verbal memory, except for revising this estimation downwards (e.g., Cowan,
2001). Contrary to subsequent reappraisals that led to shrink this capacity to smaller and smaller
values, the present study, based on a theoretical analysis of what is known about WM structure
and functioning, tested the provoking hypothesis that simple span measures actually do not
overestimate, but underestimate the capacity of verbal WM. As we will see, what this century-
old psychological tool measures might be less straightforward than the phrase “simple span”

seems to convey.
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On some reappraisals of Miller’s (1956) estimate

It is worth to note that the limit to seven of immediate verbal memory mainly holds for
digits. Dempster (1981) reported that it is lower for letters (about six) and even lower for words
(about five), this latter limit depending on the length of these words® (Baddeley, Thomson, &
Buchanan, 1975; Lewandowsky & Oberauer, 2008). Apart from variations due to the nature of
the memoranda, Miller’s (1956) article was rapidly followed by a series of proposals assuming
that the limit is not seven, but three or four (Broadbent, 1975; Henderson, 1972; Sanders, 1968;
Sperling, 1960). Although other authors argued that there is a limit to four in WM capacity (e.g.,
Halford, 1993; Halford, Wilson, & Phillips, 1998), Cowan (2001) is nowadays considered as the
main proponent of this hypothesis, as he defined the conditions under which this pure storage
capacity limit can be observed and proposed a theoretical framework accounting for this
limitation that is supported by empirical evidence from a variety of domains (see Cowan, 2015b,
for a review). Concerning immediate verbal memory, the conditions under which this pure
capacity can be observed involve preventing the recoding of the stimuli into larger chunks,
limiting long-term memory processes by using over and over the same stimuli that have to be
recalled in correct serial order, and by blocking any articulatory rehearsal of the memoranda
through the requirement of the concurrent articulation of a syllable. In Cowan’s model, the limit
to four (or three) would correspond to the capacity of the focus of attention that is able to
maintain up to four chunks of information (Cowan, 1999, 2005, 2010). This hypothesis has been
verified in the domain of visuo-spatial WM (Cowan, Blume, & Saults, 2013; Cowan, Saults, &
Blume, 2014; Luck & Vogel, 1997), verbal WM (Chen & Cowan, 2005, 2009; Cowan, Rouder,
Blume, & Saults, 2012) as well as when visual and verbal items are simultaneously stored

(Morey & Cowan, 2004, 2005; Saults & Cowan, 2007).
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Explaining why verbal spans are higher than four

If the pure storage capacity of WM is about three or four chunks as Cowan (2001)
assumes, the question is to understand how the span of immediate verbal memory reaches a
mean of six or seven units (Dempster, 1981). This latter capacity has often been attributed to the
phonological loop as described in Baddeley’s multi-component model of WM (Baddeley, 1986,
2007; Baddeley & Hitch, 1974). This model assumes that verbal information is maintained in a
phonological loop consisting in a phonological store and an articulatory loop able to reactivate
decayed phonological traces through their articulation. Within this approach, short-term memory
is limited in duration because phonological traces suffer from temporal decay within the
phonological store. Individuals appear to be able to immediately recall as many verbal items as
they are able to articulate in two seconds (Baddeley et al., 1975). The idea that simple spans
reflect the capacity of a single store or system is not limited to Baddeley’s phonological loop
model. Formal models of the phonological loop have been proposed to account for immediate
serial recall (ISR), the paradigm used to measure simple spans (Burgess & Hitch, 1992, 1999,
2006), but several models that sometimes differ strongly from the phonological loop model have
nonetheless assumed that ISR is governed by a single system or mechanism for maintaining
information in the short term (e.g., Botvinik & Plaut, 2006; Brown, Preece, & Hulme, 2000,
Henson, 1998; Lewandowsky & Farrell, 2002; Oberauer & Lewandowsky, 2008; Page & Norris,
1998). This can remain true even when these models deny the existence of a short-term memory
system separated from long-term memory (e.g., Nairne, 1990).

However, it might be that simple spans do not reflect the capacity of a single system, but
of an assembly of systems involved in verbal WM. This view is in line with the modified version

of the multi-component model proposed by Baddeley (2000) who suggested to add a new
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component, the episodic buffer, able to maintain verbal information. Thus, seven could
correspond to the total number of items maintained in the phonological loop and the episodic
buffer, and offloaded at recall in their order of storage. It is worth to note that, according to
Baddeley’s model, verbal information such as letters or digits could also be stored in a visual
format in the visuospatial sketchpad, even when auditorily presented. In line with this idea,
Cowan (1988; see also Zhang & Simon, 1985) has suggested that some chunks of information
could be maintained through verbal rehearsal while others could be retained nonverbally. At the
very least, the necessity advocated by Cowan (2001) to block verbal rehearsal in order to assess
the pure capacity storage of WM presupposes that some items could be maintained through
verbal rehearsal outside of the focus of attention.

This hypothesis of the contribution of different systems, already put forward by Craik
(1971), is addressed in several contemporary theories of WM. Inspired by Baddeley’s multi-
component model, Logie (2011; Logie, Belletier, & Doherty, 2021) suggested that multiple
systems contribute jointly to WM capacity. A range of domain-specific components allow to
sustain the on-line processing and short-term storage of information, and people may deploy
different combinations of components depending on the task characteristics. From a different
perspective, Unsworth and Engle (2007) have proposed that a primary memory comparable to
the focus of attention in Cowan’s model can hold up to four items. However, when more items
have to be maintained, as in simple span tasks, some items would be displaced into a secondary
memory from which they could be retrieved through a cue-dependent search process (Unsworth,
Spillers, & Brewers, 2010). In a similar way, the time-based resource-sharing model (TBRS;
Barrouillet & Camos, 2015) assumes that there exist two mechanisms of maintenance for verbal

information. Along with a phonological loop in which information is maintained through verbal
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rehearsal, a central system described as an executive loop can hold items through attentional
refreshing (Camos, 2017). This central system is akin to the episodic buffer in Baddeley’s multi-
component model and the focus of attention in Cowan’s model. Empirical evidence suggests that
both systems contribute independently to recall performance in WM span tasks (Camos, Langer,
& Barrouillet, 2009: see Camos, 2015, 2017, for reviews). Thus, the fact that immediate verbal
memory span is far higher than the pure storage capacity limit of WM (i.e., four according to
Cowan, 2001) can be accounted for by assuming that different stores or systems of maintenance
come into play in simple span tasks.

However, this hypothesis raises new questions that have not yet received definite answers.
First, if verbal WM involves several systems, for example a rehearsal-based phonological loop
and an episodic buffer or an attention-based executive loop, how these systems might jointly
contribute to performance remains unclear, as Lewandowsky and Oberauer (2015) recently noted.
Is a first segment offloaded from the phonological loop and a subsequent string of items retrieved
from the other system? Or, alternatively, do different systems collaborate to maintain the same
items? In this case, does each system hold a copy of each of them? Second, whatever the unitary
or composite structure of verbal WM, does articulatory rehearsal play a causal role in immediate
memory or is it a mere epiphenomenon, as Lewandowsky and Oberauer (2015; see also Souza &
Oberauer, 2018) have argued? However, in this latter case, why does the span for immediate
memory (i.e., six or seven) exceed the pure storage capacity (i.e., four)? Indeed, if rehearsal is an
epiphenomenon, immediate memory for items that can be rehearsed should not exceed pure
storage capacity that is estimated under articulatory suppression, i.e. when blocking rehearsal,
according to Cowan (2005). Beyond these issues is another question, directly related with the

problem of the numerical limit of WM capacity. If several systems jointly contribute to verbal
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WM spans, for example a phonological loop and an attentional system akin to the focus of
attention in Cowan’s (2005) model, why are spans usually reported in the literature lower than
what could be predicted from the capacity of the different systems involved?
It does not add up: 4 +4 =8, not 6

As we noted above, adults’ verbal short-term memory span for letters is about six
(Dempster, 1981). However, if we assume that verbal WM spans result from the contribution of a
phonological loop and a central attentional system like the executive loop in the TBRS model
(Camos, 2015, 2017) or the episodic buffer from the multi-component model (Baddeley, 2000),
and if we simply add up the estimated capacity of these two systems, we will see that the sum
exceeds the simple span for letters.

In studying the effect of storage on processing in WM, Vergauwe, Camos, and Barrouillet
(2014) had participants performing a Brown-Peterson task in which they were presented with a
series of letters to be remembered and asked to perform a parity judgment task on digits
presented successively on screen for a period of 12 seconds before recall. Vergauwe et al. were
interested in the effect of the memory load on the response times (RTs) to the parity task. They
observed that, under articulatory suppression preventing verbal rehearsal, RTs to the parity task
increased linearly with memory load from one letter onwards, suggesting that attention was
involved in maintaining the letters. Under articulatory suppression, participants proved able to
reliably recall up to four letters in correct order after the 12-sec parity task interval, which
according to Cowan (2001) corresponds to the capacity of the focus of attention. Interestingly,
when the requirement of articulatory suppression was released, it appeared that participants were
able to maintain up to four letters without any effect on parity judgment RTs. It is only when

more than four letters were to be remembered that RTs increased. This suggests that up to four
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letters could be maintained in a system that does not rely on attention. Vergauwe et al (2014)
proposed that these four letters were maintained in the phonological loop. Interestingly, when
studying rehearsal strategies in ISR, Tan and Ward (2008) observed that what they called the
rehearsal set, the set of words cumulatively rehearsed in forward order after the presentation of
each stimulus item, tended to be limited to four items. Beyond this limit, participants appeared to
refrain from performing cumulative rehearsal on the entire list, or rehearsed incomplete or
shorter sequences. Thus, the phonological loop hypothesized by Baddeley (2000) and the TBRS
model seems to have approximately the same capacity of four items as the central attentional
system theorized as the attentional focus by Cowan (2001) and the executive loop in the TBRS
model.

Consequently, if both systems are separate and work jointly for maintaining verbal
information in WM as suggested by Camos (2015, 2017; Camos et al., 2009), an optimal
combination of the two systems should lead to a span of eight letters, far higher than the simple
span for letters traditionally observed, which is six in Dempster’s (1981) review. Of course,
interference between the two systems during maintenance or output could occur, reducing the
total capacity of immediate memory to the span traditionally observed. However, it is also
possible that, unaware of the structure and functioning of their WM, people use it in a suboptimal
way when performing traditional verbal simple span tasks. Thus, the resulting performance
would underestimate the total capacity of WM for verbal material. Because people are mainly
aware of verbal rehearsal as an efficient way for maintaining verbal information, it is possible
that they try to rehearse too many items, this attempt resulting in unsystematic and incomplete
rehearsal as Tan and Ward (2008) observed when more than four items are presented. The

number of items rehearsed exceeding the capacity of the phonological loop, attention probably
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intervenes for holding the extra items between two consecutive articulations. This circulation of
items between the two systems, instead of a separate storage, might have deleterious effects
resulting in the discrepancy between the theoretical and the observed letter spans.
The present study

The aim of the present study was to test the hypothesis that verbal WM has a dual
structure that remains underused by individuals in simple span tasks. Thus, instructions leading
to a better use of the bipartite structure of verbal WM should lead to recall performance
approaching a theoretical optimum corresponding to the addition of the capacities of the two
systems, namely eight items for letters. According to the empirical evidences presented above,
these instructions should induce the maintenance of two distinct blocks of items into separate
systems, one block in the phonological loop through verbal rehearsal and the other in the
executive loop through attentional refreshing, avoiding any transfer of items between the two
systems. A good way to reach this goal in the context of an ISR task would be to instruct
participants to cumulatively rehearse aloud a /imited number of items that does not exceed the
capacity of the phonological loop (about four, say from three to five), and to keep rehearsing
them until recall while studying the following items* (see Figure 1 for an illustration of this
method). This procedure should avoid the storage of an excessive number of items in the
phonological loop, the continuous rehearsal of the first items creating an articulatory suppression
preventing further storage in this system. Consequently, the following items should enter the
executive loop and benefit from an attention-based maintenance without any risk of transfer
between the two maintenance systems. At recall, the rehearsed items would be output first before
recalling the items retrieved from the attentional system. This method, that we call the maxispan

procedure, should result in letter spans higher than what is usually observed (i.e., about six) and
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approaching the theoretical optimum of eight. The prediction that the maxispan procedure should
lead to higher letter spans than the traditional simple span tasks in which participants are just
instructed to recall the letters in correct order without any specific instructions was tested in three
experiments.

Because the maxispan procedure requires encoding items under the articulatory
suppression created by rehearsing the first presented items, a first experiment involved the visual
presentation of both the to-be-rehearsed and the following letters. Presenting letters visually
should avoid the conflict between the following letters auditorily presented and the to-be-
rehearsed letters articulated aloud. A second experiment tested the effectiveness of the maxispan
method in the least favorable condition by presenting all the letters auditorily, in such a way that
the last auditory items were to be encoded while articulating aloud the first segment of the list.
Despite this drawback, a maxispan higher than the simple span would represent a strong
evidence in favor of the hypothesis of a bipartite verbal WM composed of a phonological loop
and an attentional system. Finally, the maxispan procedure was tested in the theoretically optimal
condition in which the to-be-rehearsed items were presented auditorily, optimizing their entry in
the phonological loop (Baddeley, 1986), whereas the following items were presented visually,
facilitating their encoding in a visual format in the executive loop while rehearsing the first
segment of the list to be recalled. This last experiment was expected to reveal maxispans
approaching the theoretical maximum of eight.

Experiment 1
This first experiment aimed at testing the hypothesis that the maxispan procedure elicits

higher letter spans than the simple span procedure. In this experiment, all the letters were
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presented visually, including those that participants should verbally rehearse in the maxispan
procedure.
Method

Experimental design

The experiment relied on a 2 (procedure: simple span vs. maxispan) x 3 (number of to-
be-rehearsed letters: from 3 to 5 blue letters) x 6 (number of following letters: from 1 to 6 black
letters) mixed repeated-measures design, with procedure as a between-participant factor and the
number of blue and black letters as within-participant factors. All the participants were thus
exposed to lists of 4 to 11 letters (i.e., 3 + 1 to 3 + 6, and so on until 5 + 6, for blue and black
letters, respectively) with three lists of each type for a total of 54 trials. In the maxispan
condition, we manipulated the use of verbal rehearsal and refreshing strategies by requiring
participants to rehearse cumulatively the blue letters aloud until recall and to mentally remember
the subsequent black letters. In the simple span condition, no specific instructions were given to
participants.

Participants

Forty students from the University of Geneva took part in the experiment in exchange of
partial course credits. They were tested individually, and alternatively assigned to each of the two
procedures, starting with the maxispan group, each group including 20 participants. All the
experiments in this study have been approved by the local ethics committee of the Faculty of
Psychology and Sciences of Education of the University of Geneva, and all participants gave

their informed consent to participate.
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Sampling plan

The sampling plan for this and the following experiments was based on a Bayesian open-
ended sequential design (Schonbrodt & Wagenmakers, 2018). The decision to stop data
collection was conditioned to the results of the main analysis (i.e., comparison of the best span
from the maxispan and the simple span procedures, see the results section for more details). It
was planned to first collect a minimum of 20 participants in each group before performing the
main analysis. If the results from this analysis provided substantial evidence (Bayes factor or BF
> 3) for either the null (Ho) or the alternative model (H1), data collection was stopped. If not, the
plan was to collect more participants by batch of five in each group until the desired level of
evidence was obtained.

Material

The material consisted in lists of consonants, ranging from length 4 to length 11. The lists
were constructed from a sample consisting in all the consonants of the Latin alphabet, except W,
which is trisyllabic in French, and Y, which is vowel in French (19 remaining consonants). For
each list, we randomly selected the number of consonants required to conform to the list length
while ensuring that no consonant was repeated within a list. We also controlled that no
successive consonants in the lists were alphabetically adjacent (e.g., C followed by D was not
allowed), and checked that the same consonant was not presented at the same serial position in
two consecutive trials. To avoid any effect associated with the use of a specific set of lists, we
created 20 sets of 54 lists for a total of 1080 lists with the constraint that all the lists were unique
within a given set. The same sets of 54 lists were used in both experimental groups (one set per

participant) in order to ensure a strict comparability between the two procedures.
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Procedure

The task was programmed and controlled with the open source software OpenSesame
(version 3.1.3, Mathot, Schreij, & Theeuwes, 2012), running on a workstation computer. Each
trial started by a 440-Hertz tone played during 500 ms to indicate the beginning of the trial. After
a 500 ms silent period, the letters were visually displayed one after the other at the center of the
screen for 2000 ms, with 0 ms Inter-Stimuli Interval (ISI). Note that this rather slow presentation
rate was defined in order to allow participants to rehearse aloud all the to-be-rehearsed letters
between each letter presentation (maximum of 5). The to-be-rehearsed first letters (3, 4 or 5
depending on the condition) were displayed in blue font followed by one to six letters in black
font. Consecutive to the presentation of the last letter, a question mark appeared on the screen to
prompt participants to recall aloud all the letters in correct serial order. Participants could
explicitly skip a serial position if they forgot the letter in this position. The experimenter wrote
down the response for later correction and participants had to press the space bar to start the next
trial.

The lists were presented in increasing length, from 3 + 1 to 3 + 6, and so on until 5 + 6
letters, for blue and black letters, respectively. For each combination, three lists were presented.
No stopping rule was applied and a message appeared on the screen when the number of blue or
black letters was about to change.

In the simple span group, participants were simply instructed to remember the letters for
further serial recall without paying attention to their color. In the maxispan group, participants
were asked to cumulatively rehearse the blue letters aloud during their presentation, and to
continue to rehearse them aloud during the entire presentation of the black letters while trying, at

the same time, to remember these black letters (Figure 1a). These instructions were displayed on
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screen along with Figure 1 that was used by the experimenter to explain and demonstrate how
the blue letters should be rehearsed. After this demonstration, and before the experimental trials,
participants performed three training trials with two blue and two black letters to ensure perfect
understanding of the task requirements and the cumulative rehearsal method.

Scoring method

In this series of three experiments, we analyzed in the same way span sizes and serial
recall accuracy. The first set of analyses focused on span measures, aiming at determining that
the maxispan procedure results in higher spans. Spans were computed separately for each
condition of to-be-rehearsed letters (i.e., 3, 4, and 5 blue letters) and were obtained with the
following formula (Barrouillet, Bernardin, & Camos, 2004; Kemps, De Rammelaere, & Desmet,

2000):

NCOTT@CT,'

3

span = base +

where base corresponds to the number of blue letters to be verbally rehearsed and Neorreer to the
number of lists correctly recalled (i.e., all the letters, blue and then black, recalled in correct
order). For example, if a participant perfectly recalled 10 lists in the 5-blue-letters condition, her
span was equal to 5 + (10/3) = 8.33. It is important to note that some participants failed to recall
correctly at least three lists in one or several conditions of to-be-rehearsed letters. In that case,
using the above formula could lead to span overestimation. For instance, if a given participant
recall only one list correctly in the 5-blue letters condition, his/her span for that condition of
letters to be rehearsed would be 5 + (1/3) = 5.33; taking as granted that the participant could
recall correctly 5-letter lists anyway, even though it was not tested since the shortest lists in the 5
to-be-rehearsed letters condition is of six letters. When such situation occurred, we checked

whether the baseline level for the given number of to-be-rehearsed letters has been reached in
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any previous condition (in the previous example, the baseline level was 5). If the baseline has
been reached before, we granted the baseline to the participant and used the above formula. If not,
we set the span to the same level as the highest span in the previous conditions of to-be-
rehearsed letters. We also determined the best span score by selecting for each participant her
highest span score across the three conditions of blue letters to rehearse.

Second, because in the maxispan condition participants were specifically asked to only
rehearse a specific subset of letters, we were interested whether the number of black letters
influenced the proportion of blue letters recalled at their correct serial position, and vice versa.
To reach this, we computed separately for each level of the number of black letters factor the
proportion of blue letters recalled at their correct serial position. Next, we computed separately
for each level of to-be-rehearsed blue letters factor the proportion of black letters recalled at their
correct serial position.

Finally, we analyzed the serial position curves for blue and black letters in the simple
span and maxispan conditions. Statistical analyses focused on the serial position curves of the
blue letters in order to assess the effect of their cumulative rehearsal in the maxispan condition.
Results

All the statistical analyses were conducted according to a Bayesian inference framework
with the open source program JASP (version 0.9, JASP Team, 2018). For #-tests, we used default
priors consisting in a Cauchy distribution with an r scale of .707. For analyses of variance
(ANOVA), the default priors were Cauchy distribution with an r scale of 0.5, 1, and 0.354 for

fixed effects, random effects, and covariates, respectively.
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Span measures

We compared the best span from the maxispan and the simple span procedures through
an undirected Bayesian independent samples #-test. This analysis provided decisive evidence for
a higher mean span in the maxispan than in the simple span group (M = 7.30, SE = 0.13, and M
=6.10, SE = 0.20, respectively), BFi0 = 1496.25, Cohen’s d = 1.60 (Figure 2).

We next analyzed span scores through a Bayesian mixed ANOVA with the procedure
(maxi- vs. simple span) as a between-subject factor and the number of blue letters to rehearse (3,
4, or 5) as a within-subject factor. The results provided decisive evidence in favor of the full
model (BF10 = 1.37E+10) preferred by a factor of 8959.35 over the second best model. This
supported the presence of a main effect of the procedure with higher spans in the maxispan than
the simple span group (M = 6.59, SE =0.11, and M = 5.76, SE = 0.19, respectively), and an
effect of the number of blue letters to rehearse that interacted with the procedures (Figure 2).
Given the evidence supporting the interaction, we analyzed each group separately via a Bayesian
repeated-measures ANOVA with the number of blue letters to rehearse as a within-subject factor.
For the simple span procedure group, we obtained anecdotal evidence in favor of the null model
supporting the absence of an effect of the number of blue letters to rehearse on mean spans (M =
5.70, SE=0.21,M =5.63, SE=0.21, and M = 5.93, SE = 0.20 for 3, 4, and 5 blue letters,
respectively), BFo1 = 1.27. For the maxispan procedure group, the results yielded decisive
evidence in favor of an effect of the number of blue letters to rehearse, mean spans increasing
with their number (M = 5.83, SE=0.14, M = 6.88, SE =0.15, and M = 7.07, SE = 0.14 for 3, 4,
and 5 blue letters, respectively), BFi1o = 1.30E+7. Post hoc analyses provided decisive evidence

for a difference in spans between the 3 and 4 blue letters conditions, BF1o = 5744.31, while we
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obtained anecdotal evidence in favor of the null model supporting the absence of difference
between the 4- and 5-blue letters conditions, BFo; = 2.58.

Finally, we also explored the interaction through undirected Bayesian independent
samples z-tests, comparing for each number of blue letters mean spans from the maxispan and the
simple span groups. The results provided anecdotal evidence in favor of an absence of difference
between the two groups for the 3 blue letters, BFo1 = 2.89, while providing decisive evidence for
a difference between the procedures in both the 4- and 5-blue letters conditions, BF1o = 958.35
and 495.43, respectively.

Serial recall accuracy

Beyond the span measures, we were interested in the effect of the maxispan procedure on
the recall of the two types of letters presented (Table 1). Did blue letters benefit from cumulative
rehearsal, and black letters suffer from being encoded under concurrent articulation in the
maxispan procedure? Was recall of one of these blocks affected by variations of the size of the
other? To answer these questions, we first analyzed the proportion of to-be-rehearsed blue letters
recalled in correct serial position through the mean of a Bayesian mixed ANOVA with the
procedure (maxi- vs. simple span) as a between-subject factor and the number of black letters
(from 1 to 6) as a within-subject factor. This analysis provided decisive evidence in favor of the
full model supporting the existence of the two main effects and their interaction (BF10 =
9.69E+16), this model being favored over the second best model by a factor of 2.04E+5 (Figure
3). Blue letters were better recalled in the maxispan than the simple span group (M = .95, SE
=.01 and M = .80, SE = .02, respectively), and the proportion of correct recall decreased as the
number of black letters increased, this decline being stronger in the simple span procedure group.

Thus, we analyzed each group separately via a Bayesian repeated-measures ANOVA with the
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number of black letters as a within-subject factor. For the simple span procedure group, the
results provided decisive evidence for an effect of the number of black letters on the proportion
of blue letters correctly recalled (BF10 = 5.53E+7), the proportion of blue letters decreasing
progressively as the number of black letters increased. By contrast, there was strong evidence for
the absence of such an effect in the maxispan procedure group, BF o1 = 14.33 (Figure 3).

Next, we analyzed the proportion of black letters recalled in correct serial position via a
Bayesian mixed ANOVA with the procedure (maxi- vs. simple span) as a between-subject factor
and the number of blue letters to rehearse (3, 4, or 5) as a within-subject factor. The results
provided decisive evidence in favor of the full model supporting the presence of the two main
effects and their interaction (BF10 = 6.17E+16), the model being favored by a factor of 545.10
over the second best model. Black letters were better recalled in the maxispan than the simple
span condition (M = .63, SE = .02 and M = .48, SE = .04, respectively), and the proportion of
black letters correctly recalled decreased when the number of blue letters to rehearse increased
(Figure 4). In order to analyze the interaction, we ran for each group separately a Bayesian
repeated-measures ANOVA with the number of blue letters to rehearse as a within-participant
factor. For the simple span procedure group, the results yielded decisive evidence for a decrease
in the proportion of correct recall of black letters with more blue letters to be rehearsed (BF1o =
7.45E+8). Post hoc analysis confirmed the progressive decrease by supporting the presence of a
difference between the 3- and 4-blue letters conditions (M = .62, SE = .04, and M = .47, SE = .04,
respectively), and between the 4- and 5-blue letters (M = .34, SE = .05) conditions, BFio =
3831.20 and BF1o =4161.21, respectively.

For the maxispan procedure group, the alternative model supporting the presence of an

effect of the number of blue letters to rehearse on the proportion of black letters correctly
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recalled was also favored with decisive evidence, BF 1o = 5.15E+4. However, the decrease was
not as progressive as it was in the simple span procedure group. Post hoc analyses provided
moderate evidence for an absence of difference between the 3-and the 4-blue letters conditions
(M =.67,SE =.02 and M = .67, SE = .02, respectively), BFo1 = 4.15. By contrast, the 5-blue
letters conditions resulted in a drop in the proportion of black letters recalled (M = .54, SE = .03)
when compared with the 4-blue letters condition, BF1o = 1460.26.

Serial position curves

Another way to look at the results is to express the rate of recall in correct position of
each letter as a function of its serial position for the blue and black letters presented in both
conditions for each list length (Figure 5). Serial position curves revealed similarities and
differences between the maxispan and the simple span conditions. For both conditions, recall was
characterized by a strong primacy effect, but at best a small and sporadic recency effect. When
this latter effect occurred, it affected the last item (see for example the condition 3-4 in the
simple span procedure or the condition 4-4 in the maxispan procedure). Overall, across all the
list lengths and numbers of blue letters, the difference in the rates of recall between the
penultimate and last items was null in the simple span condition, while in the maxispan condition
this rate diminished by .02 from the penultimate to the last item.

However, whereas the rate of recall monotonically decreased as serial position increased
in the simple span condition, serial position only affected the black letters in the maxispan
condition, the quasi-perfect recall of the rehearsed letters abolishing any effect of serial position
for the blue letters. It is only when 5 blue letters were to be rehearsed in the maxispan procedure
that serial position affected recall of these letters (from .94 to .86 for serial positions 1 and 5

respectively; see Appendix A for statistical analyses). This suggests, in line with the literature
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previously reviewed, that the capacity of the phonological loop is exceeded with five letters.
Nonetheless, these five blue letters were better recalled in the maxispan procedure, and the effect
of serial position was stronger in the simple span condition.
Discussion

This first experiment revealed that the maxispan procedure results in letter spans higher
than the traditional simple spans by more than one item. This large difference resulted from a
better recall of both sets of letters, those that were verbally rehearsed (i.e. the blue letters) and
those that followed (the black letters). The better recall of the rehearsed letters in the maxispan
procedure provides evidence that verbal rehearsal is beneficial for short-term memory. This is
particularly clear when analyzing the effect of the number of the following black letters on the
rate of recall of the blue letters rehearsed in the maxispan procedure. Whereas the rate of correct
recall of these letters progressively declined as the number of the following black letters
increased in the simple span procedure, verbal rehearsal in the maxispan procedure seems to
have shielded blue letters, their recall remaining unaffected by the number of black letters
subsequently presented. Interestingly, this better recall of the rehearsed letters did not come at the
expense of the recall of the following letters. In other words, whereas black letters were encoded
and maintained under the concurrent articulation produced by rehearsing aloud the blue letters in
the maxispan procedure, they were nonetheless better recalled than in the simple span procedure.

Our interpretation of these findings is that this better recall of both portions of the lists
(i.e., blue and black letters) in the maxispan procedure is due to the fact that this procedure
directs items towards separate systems of maintenance, and prevents transfer of these items from
one system to the other in such a way that both systems achieve their maximum efficiency. Two

elements support this interpretation. First, it seems that when the articulatory system is
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underused, maxispans are not higher than simple spans. It can be seen in Figure 2 that rehearsing
three items does not lead to higher maxispans than simple spans, a difference that arises with
four letters rehearsed, which corresponds to the hypothesized capacity of the phonological loop
for letters. Second, whereas increasing the number of rehearsed letters from three to four had no
effect on the recall of black letters in the maxispan procedure, adding a fifth to-be rehearsed
letter affected this recall. This suggests that the maintenance of this additional blue letter, which
exceeded the capacity of the phonological loop, relied on some capacity previously used for
maintaining black letters. Our hypothesis is that the capacity of the phonological loop being
exceeded, the supernumerary letter was stored in the central system at the expense of the black
letters that this central system maintains, their entrance in the phonological loop being prevented
by the continuous articulation of the blue letters. This trade-off from a maintenance system to the
other could explain why mean spans in the maxispan procedure were not significantly higher
when rehearsing five instead of four blue letters (Figure 2), and why an effect of serial position
appeared on blue letters when five letters were to be rehearsed.

Although the results of this first experiment were in line with our predictions, they could
be peculiar to the visual presentation of the letters. Presenting the same letters auditorily would
provide a more stringent test of our hypothesis. The auditory presentation should ease the
encoding of the to-be-rehearsed letters into the phonological loop (Baddeley, 1986). However,
the recall of these letters in the maxispan procedure was already almost perfect in Experiment 1
(rate of correct recall of .99, .97, and .89 for 3, 4, and 5 rehearsed letters, respectively), leaving
little room for improvement. By contrast, articulating aloud these letters should hinder the

encoding of the following black letters when presented auditorily. Thus, replicating the
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superiority of recall performance with the maxispan procedure when the letters are auditorily
presented as in the following Experiment 2 would constitute strong evidence for our hypothesis.
Experiment 2

This experiment aimed at replicating the results of the previous experiment when the
letters to be recalled are not presented visually, but auditorily. As in Experiment 1, we predicted
higher spans from the maxispan procedure.
Method

Participants

Forty participants were recruited on the campus of the University of Geneva to took part
in the experiment in exchange of partial course credits. They did not participate in Experiment 1
and were tested individually. We alternatively assigned the participants to one of the two
experimental groups, starting with the maxispan group, with 20 participants in each group.

Material and procedure

The design and procedure were similar to Experiment 1 except that the letters were
presented auditorily. Auditory consonants were recorded by a native female French speaker and
saved as mono wav files with a sampling rate of 44.1 kHz. They were presented through
loudspeakers at a rate of one letter every 2000 ms (durations of these auditory stimuli ranging
from 259 ms to 682 ms with a mean of 483 ms). Auditory letter onsets coincided with the
presentation on screen of a square for 1500 milliseconds followed by a blank screen for 500 ms.
The letters to be verbally rehearsed were indicated by blue squares, and the others by black

squares (Figure 1b).
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Results

Span measures

The best span reached by participants in the maxispan and simple span procedures was
compared via an undirected Bayesian independent samples #-test. The results provided moderate
evidence for an effect of procedure, with better spans in the maxispan than in the simple span
group (M =6.52, SE =0.14, and M = 5.82, SE = 0.21, respectively), BFio = 5.74, Cohen’s d =
0.88 (Figure 6).

We performed a Bayesian mixed ANOVA on spans with the procedure (maxi- vs. simple
span) as a between-subject factor and the number of blue letters to rehearse (3, 4, and 5) as a
within-subject factor. The results provided very strong evidence in favor of the full model with
the two main effects and their interaction (BF10 = 3.34E+9) that was preferred by a factor of
34.60 over the second best model (Figure 6). This represents very strong support to the presence
of an effect of the procedure, characterized by higher spans in the maxispan relative to the simple
span group (M = 5.96, SE = 0.60, and M = 5.47, SE = 0.82, respectively), as well as an effect of
the number of blue letters to rehearse that interacted with the procedure. Given the evidence
supporting the interaction, we analyzed the two groups separately through Bayesian repeated-
measures ANOVAs with the number of blue letters to rehearse as a within-subject factor. For the
simple span group, the results provided very strong evidence for an effect of the number of blue
letters on mean spans (BF10 = 31.72). Whereas post hoc analyses revealed anecdotal evidence for
an absence of difference between the 3-blue and 4-blue letters conditions (M = 5.25, SE =0.19,
and M = 5.43, SE = 0.20, respectively), BFo1 = 1.64, we observed moderate evidence for a

difference between the 4-blue and 5-blue letters conditions (M = 5.73, SE = 0.19), BF 10 = 5.84.
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For the maxispan procedure group, the results provided decisive evidence in favor of an
effect of the number of blue letters to rehearse on mean spans, BFi9 = 1.18E+6. Post hoc
analyses provided decisive evidence for a difference in spans between the 3-blue and 4-blue
letters conditions (M = 5.32, SE = 0.16, and M = 6.18, SE = 0.16, respectively, BFio = 1204.89),
but anecdotal evidence for the absence of difference in spans between the 4- and the 5-blue
letters (M = 6.40, SE = 0.16) conditions, BFo; = 1.35. As in the previous experiment, we
compared mean spans from the two procedures for each level of the number of blue letters
condition via undirected Bayesian independent samples #-tests. As in Experiment 1, these
analyses revealed moderate evidence for an absence of difference in the 3-blue letters condition,
BFo1 = 3.15, but moderate evidence for higher spans in the maxispan group with 4 and 5 blue
letters, BF19 = 7.57 and 4.63, respectively.

Serial recall accuracy

Rates of recall of both types of letters in their correct serial position in all the
experimental conditions can be found in Table 2. We next analyzed the proportion of blue letters
correctly recalled as a function of the number of black letters through Bayesian mixed ANOVA
with the procedure (maxi- vs. simple span) as a between-subject factor and the number of black
letters (from 1 to 6) as a within-subject factor. The results provided decisive evidence in favor of
the full model supporting the presence of the two main effects and their interaction (BF10 =
2.89E+16), preferred over the second best model by a factor of 779.83 (Figure 7). We observed
higher recall performance in the maxispan compared to the simple span procedure group (M
=.89, SE = .01, and M = .71, SE = .03, respectively), and a decrease in blue letters recall
accuracy as the number of black letters increased. Given the evidence supporting the presence of

the interaction, we analyzed each group separately via a Bayesian repeated-measures ANOVA on
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blue letters recall accuracy with the number of black letters as a within-subject factor. For the
simple span procedure group, we obtained decisive evidence in favor of the presence of an effect
of the number of black letters (BF1o = 2.83E+8), the proportion of blue letters correctly recalled
decreasing progressively as the number of black letters increased. For the maxispan procedure
group, the same analysis yielded anecdotal evidence in favor of the null model supporting the
absence of an effect of the number of black letters on blue letters recall accuracy (BFo1 = 1.16).
In a second analysis, we performed a Bayesian mixed ANOVA on recall accuracy for the
black letters with the procedure (maxi- vs. simple span) as a between-subject factor and the
number of blue letters to rehearse (3 to 5) as a within-subject factor. The results indicated that the
full model was the best model (BF10 = 4.74E+20) favored over the second best model by a
factor of 3.29, supporting the presence of an effect of procedure with better performance in the
maxispan than in the simple span procedure group (M = .56, SE =.02 and M = .44, SE = .03,
respectively), and an effect of the number of blue letters that interacted with the procedure, this
effect being stronger in the simple than in the maxispan procedure (Figure 8). Due to the
interaction, we analyzed the data separately for each group via Bayesian repeated-measures
ANOVAs with the number of blue letters as a within-participant factor. For the simple span
procedure group, the results provided decisive evidence in favor of an effect of the number of
blue letters to rehearse on black letters recall accuracy, BFi1o = 9.39E+10. Post hoc analyses
provided decisive evidence for a difference between the 3- and 4-blue letters conditions (M = .57,
SE =.03, and M = .43, SE = .04, respectively), and between the 4-blue and 5-blue letters (M
= .32, SE = .04) conditions, BF1o = 1.19E+4, and BF19 = 1059.58, respectively. For the maxispan
procedure group, the results provided decisive evidence in favor of the presence of an effect of

the number of blue letters to rehearse on black letters recall accuracy (BFio = 3.32E+7). Post hoc
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analyses revealed evidence for a difference between the 3-blue and 4-blue letters conditions as
well as between this latter condition and the 5-blue letters condition (M = .64, SE = .02, M = .58,
SE =.03, and M = .45, SE = .03 for 3, 4, and 5 blue letters, respectively), BFio = 5.25 and BFi0 =
5529.48, respectively.

Serial position curves

As in Experiment 1, recall was dominated by a strong primacy effect, but we observed a
small recency effect, more pronounced than in Experiment 1, that mainly affected the last item in
both the simple span and the maxispan procedures (Figure 9). Across all the conditions, the rate
of recall increased between the penultimate and the last serial position by 6% and 8% in the
maxispan and the simple span procedures, respectively. This was probably due to the auditory
presentation of the letters that favored retrieval of the last item in sensory store. As in
Experiment 1, blue letters remained immune from serial position effect when three letters were to
be rehearsed, but a small effect appeared with four letters (rate of correct recall of .94, .93, .92,
and .89 from serial position 1 to 4). This effect was stronger with five blue letters, their rate of
correct recall decreasing from .91 to .72 between the first and the fifth position. Note that this
effect was nonetheless far more pronounced in the simple span procedure (from .77 to .32; see
Appendix A for statistical analyses)
Discussion

This experiment, in which all the letters were auditorily presented, replicated the results
of Experiment 1. The mean best span was still higher in the maxispan than in the simple span
procedure, and the differences between the two procedures as a function of the number of blue
letters to be rehearsed in the maxispan procedure replicated very closely those observed in

Experiment 1 (compare Figures 2 and 6). Overall, spans were lower in the present experiment,
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but this decrease in recall performance was more pronounced in the maxispan (mean span across
the three conditions of blue letters of 6.59 in Experiment 1, but only 5.96 in Experiment 2) than
in the simple span procedure (mean spans of 5.76 and 5.47, respectively). This was due to the
fact that, as we expected, the recall of black letters in the maxispan procedure was strongly
affected by their auditory presentation, their overall rate of recall dropping from .63 in
Experiment 1 to .56, but the same decline was observed in the rate of recall of the blue letters
(from .95 to .89). Overall, the auditory presentation seemed detrimental for both procedures.
Nonetheless, both blue and black letters were still better recalled in the maxispan procedure,
indicating that despite being encoded and maintained under concurrent articulation, auditorily
presented black letters benefitted from the segregation between storage systems facilitated by the
maxispan procedure, while the recall of blue letters strongly benefitted from articulatory
rehearsal.

The next and last experiment of this article aimed at maximizing the difference in recall
performance between the maxispan and the simple span procedure. Based on our proposed
theoretical framework that distinguishes two systems, we design a maxispan procedure that
should facilitate the encoding of the letters in each of these stores assumed to hold information,
the phonological loop and the central attentional system.

Experiment 3

The aim of this experiment was to optimize the use of the two storage systems we
hypothesized, the phonological and the executive loops, by presenting the memoranda in a way
that should facilitate encoding and maintenance. Because phonological information is assumed to
directly enter the phonological loop (Baddeley, 1986), the blue letters to be rehearsed in the

maxispan procedure were presented auditorily. Because, in the maxispan procedure, the



VERBAL SHORT-TERM MEMORY SPANS 30

following black letters must be encoded under the concurrent articulation of the blue letters, their
visual presentation should facilitate encoding. Not only the auditory output of the articulation of
the blue letters should not interfere with the perception of the black letters as it was probably the
case when they were presented auditorily in Experiment 2, but the visual presentation of these
black letters should induce a multimodal encoding (visual and phonological) appropriate to a
storage and maintenance in the executive loop. Indeed, this central system is assumed to
maintain any kind of information through attentional refreshing (Barrouillet & Camos, 2015),
and richer representations resulting from multimodal encoding should be more resistant to
interference and decay as well as easier to retrieve for refreshing. This optimal auditory
presentation of blue letters and then visual presentation of black letters should therefore lead to
letter spans approaching the theoretical optimum of 8 (4 + 4) through the optimal use of the two
memory stores involved as we explained in introducing this article.
Method

Participants

We recruited on the campus of the University of Geneva 40 participants who took part in
the experiment in exchange of partial course credits. Participants did not participate to the
previous experiments, and they were tested individually, by alternatively assigning them to one
of the two groups, starting with the maxispan group. Each group was composed of 20
participants

Material and procedure

This design was similar to the previous experiments, but the procedure was a mix of these

experiments with the same auditory presentation of the to-be-rehearsed letters as in Experiment 2
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(accompanied by blue squares displayed on screen) and the same visual presentation of the black
letters as in Experiment 1 (Figure 1c¢).
Results

Span measures

Better spans in the maxispan and the simple span groups were submitted to an undirected
Bayesian independent samples #-test. This analysis provided decisive evidence for higher spans
in the maxispan than in the simple span procedure, with a difference approaching 1.4 items (M =
7.73, SE =0.16, and M = 6.37, SE = 0.17, respectively), BFio = 1.34E+4, Cohen’s d = 1.85
(Figure 10).

Span scores were next analyzed via a Bayesian mixed ANOVA with the procedure (maxi-
vs. simple span) as a between-subject factor and the number of blue letters to rehearse (3 to 5) as
a within-subject factor. The results yielded only anecdotal evidence in favor of the full model
(BF10 = 7.26E+12) supporting the presence of the two main effects as well as their interaction,
this model being preferred over the second best model without interaction by a factor of 1.34. In
order to untangle the ambiguous evidence, we ran an analysis of specific effects, a method
averaging evidence for testing the presence of a specific effect across models including the effect,
as proposed in JASP. This analysis revealed decisive evidence for an effect of procedure with
higher spans in the maxispan than the simple span group (M = 6.96, SE =0.12, and M = 5.85, SE
= 0.15, respectively), BFclusion = 2.73E+4, decisive evidence for an effect of the number of blue
letters with span decreasing as the number blue letters increases, BFnclusion = 5.98E+8, as well as
moderate evidence for the presence of an interaction between the two factors, BFinclusion = 5.36
(Figure 10). We therefore analyzed span scores from the two groups separately with Bayesian

repeated-measures ANOVAs with the number of blue letters to rehearse as a within-subject factor.
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For the simple span procedure group, the results provided decisive evidence in favor of the
presence of an effect of the number of blue letters on span scores, BFi1o = 131.14. Post hoc
analyses yielded anecdotal evidence supporting the absence of a difference between spans from
the 3-blue and 4-blue letters conditions (M = 5.53, SE=0.17, M =5.78, SE = 0.17, respectively),
BFo1 = 1.34, but strong evidence supporting a difference between spans from the 4-blue to the 5-
blue letters condition (M = 6.23, SE = 0.17), BF10 = 29.61. For the maxispan procedure group,
we obtained decisive evidence in favor of an effect of the number of blue letters to rehearse on
span scores, BFio = 6.02E+5. Post hoc analyses provided evidence for a difference between span
scores from the 3-blue and 4-blue letters conditions, as well from 4-blue and 5-blue letters
conditions M =6.32, SE=0.12, M =6.95, SE =0.13 and M = 7.60, SE = 0.02, for 3, 4, and 5
blue letters), BFi1o = 870.99, and BFio = 8.89, respectively.

As in the previous experiments, we conducted complementary undirected Bayesian
independent samples #-tests comparing mean spans from the maxispan and simple span
procedure groups, separately for each number of blue letters. The results provided very strong or
decisive evidence for higher spans with the maxispan whatever the number of blue letters, BFio =
42.29,4301.02, and 2101.41 for 3, 4, and 5 blue letters, respectively.

Serial recall accuracy

Rates of recall of both types of letters in their correct serial position in all the
experimental conditions can be found in Table 3. We ran a Bayesian mixed ANOVA on the
proportion of blue letters recalled at their correct serial position with the procedure (maxi- vs.
simple span) as a between-subject factor and the number of black letters (from 1 to 6) as a
within-subject factor. We obtained decisive evidence in favor of the full model (BF10 =

3,71E+24), preferred over the second best model by a factor of 2.92E+9. This supports the
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presence of an effect of procedure characterized by higher recall performance in the maxispan
compared to the simple span group (M = .94, SE = .01 and M = .78, SE = .02, respectively), as
well as an effect of the number of black letters, with blue letters recall accuracy decreasing as the
number of black letters increased, the two factors interacting with each other (Figure 11). Thus,
we analyzed the data separately for each group via Bayesian repeated-measures ANOVAs with
the number of black letters as a within-subject factor. For the simple span group, the results
provided decisive evidence in favor of an effect of the number of black letters on blue letters
recall accuracy (BFio = 7.75E+11), the proportion of blue letters correctly recalled clearly
decreasing as the number of black letters increases. In contrast, for the maxispan group, we
obtained strong evidence in favor of the null model, BFo; = 11.72, supporting the absence of an
effect of the number of black letters on blue letters recall accuracy.

In a second step, we performed a Bayesian mixed ANOVA on the proportion of black
letters correctly recalled with the procedure as a between-subject factor and the number of blue
letters to rehearse (3 to 5) as a within-subject factor. We obtained anecdotal evidence for the
model containing the two main effects (BF10 = 8.51E+11), this model being preferred over the
full model by a factor of 1.56 (Figure 12). Given the ambiguous results, we ran an analysis of
specific effect, confirming the presence of an effect of the number of blue letters characterized by
a decrease of black letters recall accuracy as the number of blue letters to rehearse increased,
BFnctusion = 1.42E+8, an effect of the procedure with better recall performance in the maxispan
than the simple span group (M =71, SE = 0.2M = .52, SE = .03, respectively), BFmclusion =
6947.32, as well as some evidence, but still anecdotal, for the presence of an interaction,
BFinclusion = 2.57. We analyzed the data from each group separately through Bayesian repeated-

measures ANOVAs with the number of blue letters as a within-subject factor. For the simple span
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group, we obtained decisive evidence in favor of the presence of an effect of the number of blue
letters on black letters recall accuracy, BFi1o = 6.81E+4. Post hoc analyses revealed very strong
support to the presence of a difference in terms of recall accuracy between the 3- and 4-blue
letters, as well as between 4- and 5-blue letters conditions (M = .62, SE = .03, M = .52, SE = .03,
and M = .42, SE = .04, for 3, 4, and 5 blue letters, respectively), BFio = 65.73 and BFio = 110.15,
respectively. For the maxispan group, we also obtained decisive evidence for the presence of an
effect of the number of blue letters on black letters recall accuracy, BF1o = 238.87. Post hoc
analyses provided moderate support for an absence of difference, BFo; = 3.10, between the 3-
and 4-blue letters (M = .77, SE = .02, and M = .74, SE = .02, respectively), but strong evidence
in favor of a difference between the 4- and 5-blue letters (M = .64, SE = .03) conditions, BFio =
29.03.

Serial position curves

As in the previous experiments, recall was dominated by a strong primacy effect, with no
recency effect as in Experiment 1 (the rate of recall decreased by 2% between the penultimate
and the last serial position in the maxispan condition, whereas there was no difference in the
simple span condition, Figure 13). As in Experiment 1, the analysis revealed no effect of serial
position for the rehearsed blue letters in the maxispan procedure, except when their number was
5, in which case their rate of recall decreased from position 1 to 3 (from .93 to .86) and increased
from position 3 to 5 (rate of recall of .90). By contrast, the recall of blue letters in the simple
span condition was affected by a clear primacy effect with no recency effect, recall rates
decreasing as serial position increased for four and five blue letters (there was only anecdotal
evidence for this effect with three blue letters, see Appendix A for statistical analyses and

figures).
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Discussion

As we predicted, the combined auditory and visual presentations of the memoranda led to
a large difference of about 1.4 letters between the maxispan and the simple span procedures, the
mean letter span approaching 8 (7.73). Ten out of the 20 participants involved in the maxispan
condition reached a maxispan of 8 or more. Contrary to the previous experiments, the difference
between maxispans and simple spans was significant even when three letters were to be
rehearsed. The high maxispans observed in the present experiment compared with Experiment 1
were mainly due to a better recall of the black letters, while the blue letters were almost at ceiling
in two out of the three conditions of the factor Number of blue letters, with rates of correct recall
of blue letters of .98, .95, and .89 for 3, 4, and 5 blue letters, respectively. The overall rates of
correct recall of black letters for these three conditions were .76, .74 and .64, respectively, which
can be compared with those observed in Experiment 1 (.68, .67, and .54). Because black letters
were presented in the same way in both experiments (i.e., visually), this suggests that the blue
letters interfered more strongly with the following letters when presented visually in Experiment
1 than auditorily in Experiment 3. This suggests in turn that the efficiency of the maxispan
procedure relies not only on the storage of the two segments of the letter lists in two different
systems, but also in distinct representational formats. The implications of these findings for our
understanding of the structure and functioning of verbal WM are addressed in the following
general discussion.

General discussion

The present study aimed at verifying that theoretically-grounded instructions given to

participants performing a serial recall task led to a dramatic increase in recall performance.

According to a dual-system approach of verbal WM, the maintenance of information is
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supported by two separate systems, a phonological loop in which items are maintained through
articulatory rehearsal, and a central system described as an episodic buffer in Baddeley’s (2000)
model or an executive loop in the TBRS model (Barrouillet & Camos, 2015). Within this latter
model, information would be maintained in the executive loop through attentional refreshing.
Because maintenance capacity for letters is approximately of four units in both systems, their
optimal use would lead to a letter span approaching eight, while letter span in adults is typically
about six (Dempster, 1981). Based on these data, we hypothesized that, unaware of the structure
of their WM, individuals misuse it and tend to overload their phonological loop. Thus, we
designed the maxispan procedure aiming to limit the number of items entering the phonological
loop, the following items being hypothesized to enter the executive loop. In three successive
experiments, the maxispan procedure resulted in higher spans compared to a traditional simple
span task with no specific instructions. Importantly, the way of presenting the stimuli that was
predicted by the theory to produce the highest performance in the maxispan procedure, that is an
auditory presentation of the letters to be maintained in the phonological loop and a visual
presentation of the letters meant to be attentionally maintained, actually resulted in spans that
approached the theoretical value of eight, maximizing the difference with the simple span (about
1.4 items). The present findings have theoretical implications for our understanding of verbal
WM and the way ISR is usually interpreted, but also practical implications concerning the
interpretation of performance on simple spans tasks routinely used for psychological assessment.

Structure and functioning of verbal WM

We hypothesized that the interplay between a phonological loop and an attentional
system (the executive loop in the TBRS model) contributes to serial recall performance. In

addition to the predicted increase of immediate memory spans with the maxispan procedure,
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several findings strongly support the existence of the dual structure of verbal WM, as well as the
independence of the two systems.

First, the clear discontinuity of the serial position curves between the rehearsed and non-
rehearsed segments in the maxispan procedure reveals two functionally different systems
(Figures 5, 9, and 13). Whereas recall of rehearsed letters, at least up to four items, was virtually
perfect and consequently resulted in flat serial position curves, recall of black letters was
characterized by steep primacy curves, the rate of correct recall decreasing as serial position
increased.

Second, recall of the rehearsed letters in the maxispan procedure remained largely
unaffected by the number of subsequent letters to be memorized, whereas the recall rate for the
same letters in the simple span procedure progressively decreased as the number of the following
“black letters” increased (see Figures 3, 7, and 11). Even in Experiment 2 in which the first
letters in the maxispan procedure were rehearsed concurrently to the presentation of the
following letters presented auditorily, creating a possible source of interference and confusion,
recall of these first rehearsed letters proved to be far more unaffected by the number of the
following letters than in the simple span procedure. At the same time, as long as the
theoretically-grounded 4-item capacity of the phonological loop was not exceeded, increasing the
number of rehearsed letters from 3 to 4 in the maxispan procedure did not greatly affect the rate
of recall of the following letters, whereas large drops in performance were observed in the simple
span procedure (Figures 4, 8, and 12). This strongly suggests that, in the maxispan procedure, the
rehearsed letters and the following letters were stored and maintained in separate systems with

minimal interference between them.
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Third, the to-be-rehearsed letters were systematically better recalled in the maxispan than
in the simple span procedure. This finding demonstrates that, contrary to recent claims
(Lewandowsky & Oberauer, 2015), verbal rehearsal is not an epiphenomenon without any
impact on WM, but a highly efficient way of maintaining verbal information for further recall.
Our results echo previous findings by Rundus (1971) or more recently Tan and Ward (2000) in
the domain of free recall showing that items cumulatively rehearsed until the end of the list
presentation are better recalled than the other items. In the same way, they support Tan and
Ward’s (2008) claim that similar mechanisms underpin rehearsal and recall in ISR (see also
Burgess & Hitch, 1999). As long as the length of the rehearsed segment does not exceed four and
allows for a rehearsal to the end of the list, this cumulative rehearsal leads to virtually perfect
serial recall. Together with the evidence of independence of the two systems (e.g., Camos et al.,
2009) and the results of the study by Vergauwe et al. (2014) evoked in the Introduction section,
our results provide additional evidence for the existence of a phonological loop as Baddeley
(1986) described, that is a peripheral system separated from the central attention-based system
and endowed with its own system of maintenance (i.e., articulatory rehearsal). However, the
capacity of this articulatory system seems to be more limited than it has been traditionally
thought. While moving from three to four rehearsed letters had almost no impact on the recall of
the black letters in Experiments 1 and 3, this recall began to be impacted when adding a fifth
letter to be rehearsed. This suggests that the maintenance of this fifth letter began to impinge on
the system used to maintain the black letters. Thus, although verbal rehearsal proves to be an
efficient way of maintaining verbal items in WM, verbal short-term memory spans probably do

not reflect the capacity of the sole phonological loop.
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Fourth, despite the fact that the black letters were encoded under articulatory suppression
in the maxispan procedure, they were better recalled than in the simple span procedure. This
suggests that they were stored in a system different from the phonological loop in which they
could not enter, and that the maintenance of these items in this system is not strongly affected by
concurrent articulation. The most plausible hypothesis is that this system is attentional in nature.
Indeed, there is empirical evidence that the maintenance of information that cannot be
maintained through articulatory rehearsal requires attention. In simple or complex span tasks,
when information is maintained under articulatory suppression that prevents storage in the
phonological loop, a concurrent attention-demanding task has a detrimental effect on recall
performance, suggesting that the maintenance of information that cannot enter the phonological
loop requires attention (Camos et al., 2009; Camos, Mora, & Barrouillet, 2013; Camos, Mora, &
Oberauer, 2011; Hudjetz & Oberauer, 2007; Mora & Camos, 2013). The other way round, a
memory load maintained under articulatory suppression postpones the completion of concurrent
attention demanding tasks (Camos, Mora, Oftinger, Mariz Elsig, Schneider, & Vergauwe, 2019;
Vergauwe et al., 2014). Considered together with our results, this strongly suggests that non-
articulatory maintenance involves attention, as suggested by several WM models such as the
TBRS or the embedded processes model (Cowan, 2005). However, in our study, the number of
letters that could be maintained by the mean of the attentional system never reached four, the
capacity of the focus of attention hypothesized by Cowan (2001). Indeed, the mean spans in the
conditions with three, four, or five letters to rehearse never reached the size that a focus of
attention storing four items would have allowed to reach (i.e., seven, eight, and nine,
respectively). However, it remains possible that recall performance of the non-rehearsed black

letters was reduced by output interference, these letters being recalled after the rehearsed letters.
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Inverting the order of storage by presenting first the black letters under concurrent articulation of
an irrelevant material, and then the letters to be rehearsed would provide us with a more accurate
estimate of the capacity of the attentional system.

Overall, our findings confirm the hypothesis that simple spans or WM spans for verbal
material reflect the intervention of two systems. These two systems are described in the TBRS
model as an executive and a phonological loop. This proposal is akin to that of Baddeley and
Hitch (1974) who proposed a WM system acting as a central executive with a storage function,
and a supplementary articulatory loop with an estimated capacity of about three items. Indeed,
they observed that a memory load of three items had no effect on a concurrent reasoning task that
was nonetheless affected by a memory load of six. Nevertheless, the existence of this articulatory
loop might be interpreted in two distinct ways. A first hypothesis might assume that the
supplementary articulatory loop is a genuine storage system holding items that are separated
from those maintained in the more central executive system. The articulatory loop and the central
system would have their own mechanism of maintenance. Alternatively, it might be assumed that
there is a single store holding verbal items on which two different strategies of maintenance
could operate, a strategy of articulatory rehearsal on the one hand and, on the other, a strategy
based on attention such as the attentional refreshing hypothesized by Raye, Johnson, Mitchell,
Greene, and Johnson (2007) and assumed by the TBRS model as maintaining WM
representations in the executive loop (see Camos, Johnson, Loaiza, Portrat, Souza, & Vergauwe,
2018, for a review).

Different maintenance mechanisms or different systems?

The view according to which two different strategies would operate on verbal items

stored in a unique store has been examined by Lewandowsky and Oberauer (2015). The authors
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conceptualized “rehearsal as involving the serial retrieval of memoranda, perhaps into a “focus
of attention” (e.g., Oberauer, 2002), followed by the (strengthened) reencoding of each retrieved
item” (Lewandowsky & Oberauer, 2015, p. 680). Within this conception, articulatory rehearsal
would approximately have the same effect as attentional refreshing. Both mechanisms would
retrieve items in some memory store and reactivate them by their reencoding before complete
loss. The two mechanisms would operate in parallel, the only difference between them being that
rehearsal is assumed to take more time. Whereas attentional refreshing is assumed to be a very
fast mechanism reactivating memory traces at a rate of one item every 50 ms (Camos et al.,
2019; Vergauwe et al., 2014), articulatory rehearsal is far slower, taking between 250 ms and 500
ms per item (Page & Norris, 1998; Lewandowsky & Oberauer, 2015). Lewandowsky and
Oberauer (2015) made several attempts of computational simulations of the parallel functioning
of these two maintenance mechanisms on a unique store. These attempts having been
unsuccessful, Lewandowsky and Oberauer conclude that articulatory rehearsal is an unworkable
solution for the nonexistent problem of decay. However, this failure could simply reveal that the
single-store two-strategy hypothesis on which their simulations were based is not adequate to
account for WM functioning.

Our results indicate that the hypothesis of two storage systems with their own mechanism
of maintenance should be preferred. The fact that increasing the number of rehearsed letters from
three to four in the maxispan procedure did not affect the recall of the following black letters,
while the recall of the rehearsed letters remained virtually perfect, is particularly enlightening.
This means that adding one letter to the lists studied in the three to-be-rehearsed letters condition
resulted in an increase of one unit in recall performance. If all the letters of the lists studied in the

maxispan procedure were maintained in a single store, adding one item to these lists should have
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the same effect whatever its nature (i.e., either a blue to-be-rehearsed letter or a black letter). This
is not what we observed. For example, in Experiment 1, lists of 3 blue letters followed by 4 black
letters (for a total of 7 letters) elicited the correct recall of 5.32 letters. Adding a to-be-rehearsed
blue letter (for a total of 8 letters, 4 blue and 4 black) resulted in 6.43 letters correctly recalled,
whereas adding a black letter (for a total of still 8 letters, but 3 blue and 5 black) was far from
having the same effect with only 5.15 letters correctly recalled. Note that this finding also
strongly contradicts the claim that verbal rehearsal is not an efficient mechanism of maintenance
as Lewandowsky and Oberauer (2015) asserted. If this was the case, adding a letter to be
rehearsed should have no effect on recall performance. Instead of supposing a single store in
which two maintenance mechanisms operate in parallel, it seems more appropriate to consider
the existence of two systems. This view allows to explain the effect of the addition of a blue
letter. Because three letters do not exhaust the capacity of the articulatory loop, it can hold an
additional letter without any effect on the functioning of the other, attentional, system.

Another way to salvage the hypothesis of a unique system might be to argue that the
higher recall performance in the maxispan procedure is due to some chunking or subjective
grouping strategy induced by the presentation of the letters in two groups differing by their color
(i.e. blue and then black) and their treatment (rehearsing only the first group). Indeed, there is
some evidence that participants could spontaneously use a subjective grouping strategy during
verbal short-term memory tasks, even in the absence of any grouping cue (e.g., Farrell, 2008;
Henson, 1996), this grouping resulting in better recall performance. However, grouping is known
to result in specific serial position effects with a scalloped appearance of the curve characteristic
of temporal (Hartley, Hurlstone, & Hitch, 2016; Henson, 1996; Ryan, 1969) and perceptual

grouping (Frankish, 1989, 1995), primacy and recency effects occurring within each group (e.g.,
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Farrell, 2012; Henson, 1998; Hitch, Burgess, Towse, & Culpin, 1996). It can be verified in
Figures 5, 9, and 13 that nothing of this sort occurred in the maxispan procedure or in the simple
span condition either. In fact, the peculiar serial position curves produced by grouping have very
little to do with the curves elicited by the maxispan procedure with their quasi perfect recall of
the rehearsed letters followed by the monotonic primacy effect with a small and rare recency
effect affecting recall of the black letters (Figures 5 and 13).

Another signature of the grouping effect is the specific patterns of transposition errors
(i.e., recalling a presented item but at the wrong serial position). There is evidence that temporal
grouping increases the rate of interpositions, the tendency to confuse items that share the same
position within their respective group; for example, recalling the second item of a group in the
second position of another group (Henson, 1996). If the maxispan procedure had induced the use
of a grouping strategy, we should thus have observed in this condition the same effect on
transposition errors as observed with temporal grouping, that is an increase of interpositions in
the maxispan compared to the simple span condition. By contrast, our hypothesis was that the
maxispan procedure results in better recall because items are maintained in two separate systems.
This segregated maintenance should not increase, but reduce the rate of between-group
transpositions (between blue and black letters), including interpositions, compared to a simple
span procedure.

The analysis of the errors revealed that the mean number of transpositions (i.e., inter- or
intragroup) was higher in the simple span than in the maxispan condition (across all the
experiments, 79.15 and 50.45, respectively), something not so surprising when considering the
better recall performance in the maxispan condition. However, among these transpositions errors,

the proportion of between-group transpositions (from blue to black letters or vice versa) was
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systematically higher in the simple span than in the maxispan procedure (across all the
experiments, 34% and 26%, respectively), a difference that was also observed for the specific
type of between-group transpositions that we defined earlier as interpositions (6% and 3%,
respectively; see detailed analyses and statistics in Appendix B).

Thus, neither serial position curves nor patterns of errors corresponded to what might be
expected if the increase in recall performance observed in the maxispan procedure was due to a
grouping of the items as studied in the ISR literature (e.g., Farrell, 2012; Hitch et al., 1996). On
the contrary, the analysis of serial position curves and patterns of errors confirmed that the
maxispan procedure elicited higher spans by allowing the segregation of the rehearsed and the
following letters in two distinct and separate systems. This view is also supported by evidence
that the difference between the two conditions in terms of the proportion of between-group
transpositions disappeared in Experiment 2 where all the letters were presented auditorily. Indeed,
black letters presented auditorily could have automatically entered the phonological loop and let
a trace that could have increased the rate of between-group transpositions. In line with this idea,
when the format of presentation of letters favored the separated encoding and maintenance into
the two systems by presenting blue letters auditorily and black letters visually, as in Experiment
3, the simple span procedure group exhibited its lowest rate of between-group transpositions.

It is worth to note that previous neurological evidence support the hypothesis that verbal
WM does not involve one, but two different systems. Gruber (2001) observed that when
articulatory rehearsal can be used in verbal WM tasks, the Broca’s area, the left premotor cortex,
the cortex along the left intraparietal sulcus, and the right cerebellum are activated. However,
when articulatory rehearsal is prevented by articulatory suppression, another network is activated

including the anterior prefrontal cortex and the inferior parietal cortex. In the same way, Raye et
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al. (2007) observed that Broca’s area are selectively activated by rehearsal, whereas attentional
refreshing selectively involves activation of the dorsolateral prefrontal cortex. Double
dissociations in patients have also been observed, with reduced recall performance under
articulatory rehearsal while non-articulatory maintenance remained unimpaired after a brain
lesion in the Broca’s area, and conversely, diminished memory performance through refreshing
but preserved subvocal rehearsal following a lesion in the anterior middle frontal gyrus (Trost &
Gruber, 2012).

Thus, both behavioral and neurological evidence converge toward the idea that two
systems are involved in immediate verbal memory. One of these systems seems to involve brain
areas usually recruited in executive control such as the dorsolateral prefrontal cortex, whereas the
other system seems to be based on mechanisms related to speech production and Broca’s area.
However, the nature of these systems remains to be specified, and several hypotheses have been
put forward about their nature, structure, and functioning.

What is the nature of the different systems?

As we predicted, the maxispan performance seems to reflect the interplay of two separate
systems that the TBRS model describes as a phonological loop and an executive loop and
Baddeley’s model as a phonological loop along with either a central executive with storage
capacity (Baddeley & Hitch, 1974) or an episodic buffer (Baddeley, 2000). However, other
models have assumed a dual structure of WM and might constitute alternative accounts of our
findings. As we mentioned earlier, Unsworth and Engle (2007) have proposed that a primary
memory and a secondary memory, which are qualitatively and functionally distinct, jointly
contribute to recall in simple and complex span tasks. They assume that primary memory can

hold up to four items, a number that echoes what we observed in the recall of blue letters. When



VERBAL SHORT-TERM MEMORY SPANS 46

more items have to be maintained, as it is the case in simple span tasks and in the present
experiments, some items would be displaced into secondary memory (Unsworth, Spillers, &
Brewers, 2010). It might be assumed that, in the maxispan procedure, blue letters are held in
primary memory while black letters are retrieved from secondary memory. However, this
appealing hypothesis does not correspond to what we observed.

First, despite a coincidental similarity in capacity, several findings suggest that what we
call the phonological loop is not the primary memory hypothesized by Unsworth and Engle.
Primary memory, in their theoretical framework, is the equivalent of the focus of attention in
Cowan’s (2005) model or the activation buffer in Davelaar, Goshen-Gottstein, Ashkenazi,
Haarmann, and Usher’s (2005) model, and serves “to maintain a distinct number of separate
representations active for ongoing processing by means of the continued allocation of attention”
(Unsworth & Engle, 2007, p. 106; see Hall, Jarrold, Towse, & Zarandi, 2015, for a similar
conception). However, as we mentioned earlier, Baddeley and Hitch (1974) as well as Vergauwe
et al. (2014) have shown that the maintenance through articulatory rehearsal of up to four letters
has no impact on concurrent attention-demanding activities, suggesting that this maintenance
does not depend on the continued allocation of attention. Thus, the mechanism for maintaining
verbal information through verbal rehearsal is not the primary memory evoked by Unsworth and
Engle’s model.

Second, the secondary memory is described by Unsworth and Engle (2007) as
functionally distinct from primary memory and explicitly compared with the long-term store in
Atkinson and Shiffrin (1968) modal model. This suggests a more passive maintenance in
secondary than in primary memory that does not correspond to what we observed concerning

black letters. Passive maintenance of short lists of items has been associated in the literature with
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serial position curves exhibiting a recency effect instead of the primacy effect that characterizes
active maintenance as in ISR. For example, Palladino and Jarrold (2008) compared recall of
short lists of the same length (four or five items) in either an ISR task or a running span task (a
task in which participants are instructed to recall the » last items of a list of unpredictable length
presented rapidly). The presentation of short lists in the running span task was intended to induce
a maintenance of items without any update, the number of items presented not exceeding the
number of items to recall. While standard serial position curves with primacy effect were
observed in the ISR task, recall in the running span task was characterized by marked recency
with reduced or absent primacy effects. Palladino and Jarrold’s interpretation of this latter
finding was that participants in the running span task waited passively for the end of the list
before trying to recall the items. The same type of recency-based serial position curves in
running span with the same interpretation of passive maintenance was reported by Bunting,
Cowan, and Saults (2006). Thus, if the black letters were passively held, their recall should be
characterized by recency effects. On the contrary, recall of the non-rehearsed black letters in the
maxispan procedure was dominated by marked primacy effects with almost no recency effects
(see Figures 5, 9, and 13). This suggests that black letters were not passively, but actively
maintained. It is thus doubtful that recalled black letters were retrieved from the secondary
memory described by Unsworth and Engle in which they would have been passively maintained
until retrieval and recall.

Note that our results suggest that the black letters were not retrieved from some sensory
memory either. It has been assumed that sensory memory stores are the structures from which
items are retrieved in running span tasks (Bunting et al., 2006; Cowan, 2005), and we have seen

that the serial position curves for black letters do not correspond to the curves observed in
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running span. Studies on dichotic listening can also inform us about the mnemonics systems
involved in the maxispan procedure. In dichotic listening, participants are presented with items
in both ears simultaneously, but asked to attend only one stream before recalling the two lists.
Results have revealed a pattern of quasi perfect recall for the attended stream assumed to be
maintained in primary memory, whereas recall from the unattended hear follows a steep and
monotonic recency curve assumed to reflect storage in sensory memory (Broadbent, 1958;
Bryden, 1971). It is worth noting that even in Experiment 2 where a recency effect affected the
last item (Figure 9), recall of black letters was nonetheless dominated by a primacy effect. Thus,
non-rehearsed black letters in the maxispan procedure do not seem to have been passively held in
some secondary or sensory memory.

The serial position curves with marked primacy effect we observed for black letters rather
reveal an active maintenance. Because this maintenance was performed under concurrent
articulation, it probably relies on attentional allocation. The executive loop is the system devoted
to this type of maintenance in the TBRS model, a system closer to the primary than to the
secondary memory in Unsworth and Engle’s (2007) theory. Thus, our results point toward a dual
structure of verbal WM in which, instead of a primary and a secondary memory, a rehearsal-
based system and an attention-based system concur to maintaining items. However, although we
have thus far characterized the rehearsal-based system as a phonological loop, this apparently
simple system has received different descriptions and theorizations that deserve some comments.

The nature of the articulatory loop

There are at least two hypotheses concerning the system that we have described as a
phonological loop. The first, developed by Baddeley (1986), assumes that the system comprises

a phonological store capable of holding speech-based information, and an articulatory control
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based on inner speech. Memory traces within the store are assumed to suffer from temporal
decay, becoming unretrievable after about one-and-a-half or two seconds. This loss can be
prevented by the articulatory loop process that reactivates memory traces by reading them off
from the store and feeding them back into this store. This system can also convert written
material into a phonological code that is passed to and can be registered in the phonological store.
Empirical evidence was gathered that memory traces within the store involve codes that are
phonological, but not semantic (Salamé & Baddeley, 1982) and not purely auditory because
noise does not disrupt verbal maintenance (Salamé & Baddeley, 1987, 1989). The hypothesis that
this system stores phonological representations is supported by the fact that it is more difficult to
remember phonologically similar than dissimilar items, due to the confusions that occur between
phonologically similar items when they are retrieved from the store for reactivation or recall
(Baddeley, 1966; Conrad & Hull, 1964). However, Baddeley (1997) noted that the nature of the
store, its time characteristics, and how information is retrieved from the store and read by the
articulatory system remain unknown. According to this view of the phonological loop, and as
Baddeley (1997, p. 59) stressed, “the essence of the phonological loop hypothesis is that memory
span will depend on rate of rehearsal, being approximately equivalent to the number of items that
can be spoken in two seconds”. The capacity of the phonological loop would therefore be about
seven items.

More than ten years before the previously described hypothesis, Baddeley made a slightly
different proposal based on the framework suggested by Baddeley and Hitch (1974), that is,
before the reconceptualization by Baddeley (1986) of a central executive devoid of any storage
capacity. This second hypothesis assumes the existence of an executive WM system

supplemented by an articulatory rehearsal loop with a capacity of about three, and not seven,
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items (Baddeley et al., 1975). This smaller capacity is explained by the fact that the loop is only
an auxiliary system. When the access to the loop is prevented, for example by concurrent
articulation, memory items can be stored in the executive system that is endowed with storage
capacities. The other critical difference relative to the previous hypothesis is the nature of what is
stored in the phonological loop. Following Sperling (1963), Baddeley et al. (1975) suggested that
the loop could be an output buffer holding the motor program necessary for the verbal production
of the memory items. This buffer might be separate from the act of articulation itself, permitting
to set up new articulatory programs while current programs are running. These articulatory
programs could be set up either by the act of articulation, but also directly through auditory
stimulation. Interestingly, more recent studies have indeed established that the perception of
speech activates the motor areas involved in speech production (e.g., Wilson, Saygin, Sereno, &
Iacoboni, 2004). Such a loop was presented by Baddeley et al. (1975) as a back-up system for the
immediate retention of phonological material. The authors acknowledged the very tentative
aspect of this view and noted that it left underspecified the problem of how such a system
maintaining articulatory motor programs would interface with the central executive system.

Do one of these two theoretical views can account for the data we observed with the
maxispan procedure? Considering the capacity of the phonological loop estimated by Vergauwe
et al. (2014) to four items along with the necessary dual structure of verbal WM lead us to favor
the second hypothesis. This approach can be seen as the reverse of that adopted by Baddeley
(1986) in order to simplify the theoretical options concerning the maintenance of verbal
information in WM. While he suggested operating this simplification by depriving the central
executive of its storage function, which would be entirely ensured by the phonological loop, we

propose to concentrate the maintenance activities in the central attentional system which, like the
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episodic buffer, would therefore contain multimodal representations which may as well be
phonological, semantic, visual, or spatial. This would avoid the potential theoretical conundrum
of a verbal WM in which phonological representations could be stored both in the phonological
loop and the episodic buffer. This would also help us understanding why the maintenance of
verbal information interferes with visuospatial activities when articulatory rehearsal is
unavailable due to concurrent articulation or when the capacity of the articulatory loop is
exceeded (Vergauwe et al., 2014). This would also account for the fact that, in the same
conditions, verbal and visuospatial maintenance interfere with each other (Uittenhove, Chaabi,
Camos, & Barrouillet, 2019) and, more generally, for the processing-storage trade-off that has
been observed in virtually all the possible combinations of modalities (see Barrouillet & Camos,
2015, 2021, for reviews). In the next section, we present an attempt to describe how the
phonological loop, which should be more accurately described as an articulatory loop, and the
central executive system (the executive loop in the TBRS model) could interact when performing
an ISR task. This proposal is clearly speculative and aims only at stimulating further research.

A tentative account of the maxispan and the simple span

A verbal ISR task as we used in both the maxispan and the simple span procedures
involves the successive presentation, either visually or auditorily, of a series of items. When
presented auditorily, we assume that the perception of a letter results in the construction of a
representation of this letter in the executive loop. This representation could bind phonological,
visual (the visual form of the letter), and semantic (e.g., some idiosyncratic association of the
letter with words, names or surnames) features. This representation is subjected to temporal
decay as soon as it leaves the focus of attention. Listening the letter also activates the motor

program associated with its production, this motor program being stored in the motor program
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buffer, and available for articulating the letter for maintenance purpose. When presented visually,
the letter is read off and converted into a phonological code by the activation of the motor
program for articulation. We assume that this articulation is the strategy that individuals
spontaneously use when receiving the beginning of the series (Tan & Ward, 2008). The
presentation of the following letters creates representations in the executive loop and activates
the corresponding motor programs for their articulation. In case of a cumulative rehearsal as we
instructed participants to use for the first letters, the motor programs of the successive letters
might be concatenated to form an articulatory object akin to the program for articulating a word
(e.g., BTK articulated in succession as “beeteekey”). Rehearsing this chunk would lead to the
strengthening of its articulatory program and produce a verbal output, the perception of which
might contribute to even further reinforce this program by its automatic reactivation.

Due to this loop between the motor program buffer and the articulatory mechanism, the
maintenance of at least the first letters is possible through a mere echolalia process, a process
that rapidly turns into something akin to a palilalia. Consequently, their corresponding symbolic
representations created and stored in the executive loop would become useless for maintenance.
This cyclic articulatory production in which perception, and subsequently articulation, directly
activates the underpinning motor program for repetition is assumed to require very few attention
(Naveh-Benjamin & Jonides, 1984). It is worth noting that it constitutes one of the most basic
sensorimotor cognitive process in humans, already present in the first months of life, and
described by Baldwin (1894) and Piaget (1936) as primary circular reactions. Infants tend to
repeat syllables pertaining to their own repertoire, the output of the articulation triggering its

repetition in a behavioral loop. At any moment of a serial recall task, this articulatory production
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can be used for recall or, if needed, for creating or recreating WM representations in the
executive loop by encoding its output.

The results from Vergauwe et al. (2014), but also Baddeley and Hitch (1974) indicate that
the number of letters that can be maintained through articulatory rehearsal without any
implication of the central attentional system is limited to three or four. This suggests that there is
a limit in the complexity of the motor program that can be set up and reactivated by its mere
articulation without any support of representations from the central attentional system. The
rationale of the maxispan procedure presented here is to exploit the maximum capacity limit of
this articulatory loop while blocking its access to subsequent letters. In this way, the first to-be-
rehearsed letters simply require the automatic reactivation of a motor program through
articulation that protect them from forgetting. Despite the fact that representations of these
rehearsed letters are probably constructed at encoding, it is likely that these useless
representations rapidly fade away. This would free the executive loop, allowing attention-based
maintenance of the following letters, hence the observation of higher spans within the maxispan
procedure. To sum up, the rehearsed letters are protected from forgetting by the mechanical
reactivation of a motor program, leaving the executive loop free for storing and maintaining
additional letters.

So, what goes wrong in the simple span procedure that makes simple spans lower than
maxispans? Our hypothesis is that, because encoding letters presented either auditorily or
visually results in the automatic activation of the corresponding motor programs for articulation
via a kind of affordance process (Jones & Macken, 2018; Macken, Taylor, & Jones, 2014),
participants probably rely naturally on rehearsal strategy and try to concatenate motor programs,

even though the number of items exceeds the capacity of the buffer. When the articulatory
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program breaks down due to overload, the rehearsal schedule might become chaotic. In their
study of rehearsal in ISR, Tan and Ward (2008) observed that this occurs usually after the fourth
presented item. Individuals might keep rehearsing a subset of the letters they tried, but failed, to
concatenate, or they might attempt to rehearse letters in middle or late serial positions after
having rehearsed the first letters that are passed to the executive loop in order to allow rehearsing
the following letters. In any way, a small and suboptimal number of letters are probably
maintained in the motor program buffer, and it is possible that the set of letters rehearsed change
from the beginning to the end of the presentation of the memory list. This suboptimal use of the
phonological loop leads to maintain more items in the executive loop, resulting in its overload.
Reactivating these letters through articulatory rehearsal would involve retrieving their
representations from the executive loop and the associated motor programs for articulation while
memory traces of the others letters decay. Moreover, the coordination of verbal rehearsal and
attentional refreshing is probably suboptimal, attention being paid to the letters currently
articulated leaving the other items decaying.

Thus, our hypothesis is that simple spans are lower than maxispans because the simple
span procedure leads to a misuse of the capacity of the articulatory loop by an initial overload of
its motor program buffer. By trying to verbally rehearse too many letters, individuals end up
using only a part of the capacity of the motor program buffer as exemplified by Tan and Ward
(2008), and they consequently overload their executive loop. This is probably what occurred in
Souza and Oberauer (2018) who failed to find any beneficial effect of instructed cumulative
rehearsal. Participants were presented with lists of six words with several of these words being
multisyllabic, their mean number of characters being 7.8 (see OSF https://osf.io/5q7nd/). Thus,

the cumulative rehearsal of these lists of six words necessarily exceeded the capacity of the
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articulatory system. The longer sequences of cumulative rehearsal observed by Souza and
Oberauer involved about four words (e.g., 4.4 and 3.9 in Experiment 1), which already exceeded
the capacity of the articulatory loop, most of these words being multisyllabic. Consequently, the
instructed cumulative rehearsal studied by Souza and Oberauer led to the misuse of the dual-
system we described above, hence the apparent ineffectiveness of rehearsal. Our experiments
demonstrated that when less items are rehearsed, recall performance strongly increases.

Importantly, this suboptimal use of articulatory rehearsal is nonetheless beneficial
compared to its absence of use. Performing a serial recall task under articulatory suppression
results in lower spans, even when the articulatory suppression is limited to the maintenance
phase (see Doherty et al., 2018, for a recent demonstration). Although it has been argued that the
effect of articulatory suppression is due to interference, and not impediment of verbal rehearsal
reactivating decaying memory traces (e.g., Lewandowsky & Oberauer, 2015), the interference
hypothesis does not stand up to scrutiny (see Camos, Mora, & Barrouillet, 2013, for discussion).
In some sense, simple spans stand between recall performance under concurrent articulation,
when the articulatory loop is unavailable, and maxispans in which this articulatory loop is used at
the maximum of its capacities.

What do simple spans measure?

As we noted in introducing this article, immediate memory tasks have been part of
intelligence tests from their very inception (Binet & Simon, 1904). But what do verbal simple
spans measure? Miller (1956) surmised that short-term memory spans might reflect the capacity
of the channel of information that human mind constitutes, but subsequent appraisals reduced
this capacity from seven to four (Cowan, 2015a). We have also seen that they do not measure the

capacity of the sole phonological loop as Baddeley (1986) suggested. Immediate verbal memory
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seems to reflect the interplay between two systems, an articulatory loop and a central attentional
system described as an executive loop in the TBRS model. However, the maxispan procedure has
revealed that simple spans do not reflect the maximal capacity of this dual-system. Our results
suggest that verbal simple spans reflect instead the way individuals use a system the structure of
which they are unaware of. Performance on these simple span tasks certainly depends on the
capacity of the two systems involved. The capacity of these systems might depend on both the
capacity of their store (i.e., the motor program buffer for the articulatory loop and the episodic
buffer of the executive loop, see Barrouillet & Camos, 2021, on this latter point) and the
efficiency of their maintenance mechanisms (verbal rehearsal and attentional refreshing,
respectively). However, simple spans necessarily depend also on the way individuals are able to
coordinate the functioning of the two systems. This strategic aspect of simple spans, which is
neutralized in both the maxispan procedure and the span tasks performed under articulatory
suppression, introduces a cognitive component that is not mnemonic in nature. It remains to be
established whether the maxispan that neutralizes the strategic use of verbal WM is or is not a
better predictor of higher cognition and intelligence than simple spans. On the one hand, it might
be that the strategic component is key in the predictive power of the capacity of short-term
memory, as measured by simple spans. People able to optimize their cognitive functioning in
memory tasks might be able of this optimization in other domains, outperforming their peers in
tasks assumed to assess high level cognition. On the other hand, this strategic component might
blur the relation existing between short-term memory and high level cognition. The maxispan
procedure, through a better assessment of the real capacity of the different components of verbal

WM on which several high level cognitive processes rely, would in this case be a better predictor
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of high level cognition than simple spans. Future studies should provide us with the answer to
this question.

Conclusion

In some sense, Miller (1956) erred in supposing that verbal short-term memory spans
inform us about the capacity of human mind considered as a channel of information. Our results
indicate that the number of letters that can be immediately recalled after presentation would not
reflect the capacity of a single short-term buffer, but the complex interplay between two storage
systems endowed with their own mechanism of maintenance. It is even probable that the mental
objects held by these mechanisms differ in nature, the articulatory loop holding motor programs
whereas an attentional central system might maintain symbolic representations. Thus, apparently
simple behaviors such as the immediate reproduction of a list of verbal items might involve a
variety of mental structures and processes. This means that one should be cautious in
establishing immediate equivalence between tasks on the one hand and structures or processes on
the other. Performance in a seemingly simple task does not necessarily reflect the capacity of a
single structure or the efficiency of a single process, but can result from the complex interplay of
different structures and processes. Simple spans prove not that simple and measuring short-term
memory capacity proves more complex than expected.

This is not to say that the maxispan procedure might be preferred to the venerable simple
span task in psychological and neuropsychological assessments. Simple spans, and more
precisely the digit span would have not been used for more than a century with children, adults
and patients if they were not useful. However, beyond the empirical interest and practical
usefulness of a measuring tool, one of the aims of the scientific inquiry is to clarify what this tool

precisely measures in order to better understand its diagnostic and prognostic power. The
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complexity of the processes underpinning the apparently simple behavior of immediately
repeating a list of verbal items probably explains why simple spans have sometimes been
considered as poorly diagnostic of school achievement and intelligence (e.g., Estes, 1981,
Glasser & Zimmerman, 1067; Weschler, 1958), some authors having even assumed, as Gignac
and Weiss (2015) recall, that it is not a test of memory span at all, but instead a test of elementary
attention (Hannay, Howieson, Loring, Fischer, & Lezak, 2004; Hebben & Milberg, 2009;
Rapaport, Schafer, & Gill, 1945; Sbordone & Saul, 2000). Beyond constituting an empirical test
of a theoretical framework concerning verbal WM, the present study must be considered as an
attempt to further our understanding of what one of the oldest and most popular psychological

test measures.
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Context of the research

The maxispan paradigm introduced in the present study came to our mind some years ago
(March 2015) when considering that there was a discrepancy between the simple span for letters
usually reported in the literature (about 6) and what our TBRS model predicted. If there are two
maintenance systems with a capacity of four letters each, as the TBRS model assumes, the
simple span for letters should be eight and not six. The initial intuition was that a good way to
use verbal rehearsal would be to not exceed the capacity of the phonological loop by rehearsing
only four items, even in longer lists. Pilot studies confirmed our intuition: the maxispan was
higher than the simple span. At a more general level, this research program is intended to explore
the nature of the cognitive objects and processes on which WM and immediate memory are
based, with the guiding idea that immediate memory is not necessarily, or not uniquely, based on
symbolic representations, but could also involve the sensorimotor schemes described by Piaget
as well as what Jones and Macken (2018, p. 351) describe as “perceptual objects that may then

be apprehended and manipulated by bodily effector systems”.
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Footnotes

1 In the 1911°s version of the Binet and Simon’s intelligence metric scale, the preliminary
survey aiming at a raw assessment of the intellectual level in order to avoid the subsequent
administration of too easy items contained 35% of items involving immediate verbal recall, and
20% concerned repeating digit sequences.

2 By simple span, we refer to the maximum number of items an individual is able to
recall in immediate serial recall tasks in which lists of items presented auditorily or visually must
be recalled in correct order. Because simple spans are usually considered as a measure of short-
term memory capacity, we use in this article the phrases immediate verbal memory and verbal
short-term memory interchangeably. For sake of simplicity, and because the present article does
not aim at addressing the complex question of a possible distinction between short-term and
working memory, we follow Cowan’s assumption that the simple spans studied by Miller (1956)
reflect verbal working memory capacity and consequently use interchangeably the phrases
verbal working memory and verbal short-term memory.

3 In the present study, we used letters instead of digits because lists of more than nine
items were presented, and we wanted to avoid presenting lists with repeated items.

4 Asking participants to rehearse aloud would allow for a control of the correct execution

of this procedure.
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Table 1

76

Mean number of recall in correct serial position as a function of the number of blue

letters (to be rehearsed in the maxispan procedure) and black following letters in the maxispan

and simple span procedures in Experiment 1.

Number of black letters
Procedure Number of blue letters 1 2 3 4 5 6 Mean rate
Maxispan 3 Blue 3.00 3.00 2.95 2.98 3.00 2.97 .99
Black 0.97 1.85 2.42 2.33 2.15 2.05 .68
Total 3.97 4.85 5.37 5.32 5.15 5.02 .80
4 Blue 3.90 3.97 3.93 3.87 3.78 3.83 97
Black 0.97 1.80 2.33 2.57 1.95 2.02 .67
Total 4.87 5.77 6.27 6.43 5.73 5.58 .81
5 Blue 4.55 4.47 4.47 4.37 4.50 4.32 .89
Black 0.78 1.55 1.95 1.70 1.57 1.82 .54
Total 5.33 6.02 6.42 6.07 6.07 6.13 73
Simple span 3 Blue 2.95 2.87 2.77 2.38 2.25 2.27 .86
Black 0.93 1.75 2.20 2.05 1.87 1.75 .62
Total 3.88 4.62 497 4.43 4.12 4.02 72
4 Blue 3.62 3.50 3.25 3.43 3.00 3.07 .83
Black 0.87 1.10 1.63 1.65 1.25 1.07 47
Total 4.48 4.60 4.88 5.08 4.25 4.13 .65
5 Blue 4.03 3.80 3.43 3.32 3.47 3.05 .70
Black 0.70 0.85 1.10 1.00 0.90 0.82 .34
Total 4.73 4.65 4.53 4.32 4.37 3.87 .55
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Table 2

77

Mean number of recall in correct serial position as a function of the number of blue

letters (to be rehearsed in the maxispan procedure) and black following letters in the maxispan

and simple span procedures in Experiment 2.

Number of black letters
Procedure Number of blue letters 1 2 3 4 5 6 Mean rate
Maxispan 3 Blue 2.85 2.90 2.87 2.83 2.92 2.83 0.96
Black 0.95 1.88 2.13 2.30 1.72 1.83 0.64
Total 3.80 4.78 5.00 5.13 4.63 4.67 0.76
4 Blue 3.83 3.78 3.63 3.60 3.60 3.60 0.92
Black 0.98 1.68 1.98 1.60 1.50 1.83 0.58
Total 4.82 5.47 5.62 5.20 5.10 5.43 0.74
5 Blue 4.30 423 4.00 3.97 3.75 3.78 0.80
Black 0.80 1.38 1.23 1.40 1.30 1.07 0.45
Total 5.10 5.62 5.23 5.37 5.05 4.85 0.64
Simple span 3 Blue 2.87 2.62 2.52 2.32 2.12 2.15 0.81
Black 0.95 1.72 2.03 1.87 1.25 1.32 0.57
Total 3.82 4.33 4.55 4.18 3.37 3.47 0.66
4 Blue 3.27 3.05 2.83 2.73 2.55 2.38 0.70
Black 0.82 1.32 1.20 1.33 0.87 1.15 0.43
Total 4.08 4.37 4.03 4.07 342 3.53 0.56
5 Blue 3.95 3.67 3.12 2.85 2.65 2.73 0.63
Black 0.72 0.93 1.00 0.75 0.55 0.68 0.32
Total 4.67 4.60 4.12 3.60 3.20 342 0.50
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Table 3

78

Mean number of recall in correct serial position as a function of the number of blue

letters (to be rehearsed in the maxispan procedure) and black following letters in the maxispan

and simple span procedures in Experiment 3.

Number of black letters
Procedure Number of blue letters 1 2 3 4 5 6 Mean rate
Maxispan 3 Blue 2.92 2.95 2.92 2.97 3.00 2.95 0.98
Black 1.00 2.00 2.73 2.93 2.60 2.40 0.76
Total 3.92 4.95 5.65 5.90 5.60 5.35 0.84
4 Blue 3.83 3.83 3.78 3.73 3.68 3.93 0.95
Black 1.00 1.93 2.62 2.77 2.48 2.48 0.74
Total 4.83 5.77 6.40 6.50 6.17 6.42 0.83
5 Blue 4.63 4.62 4.47 4.38 4.35 4.38 0.89
Black 0.93 1.75 2.07 2.22 2.37 1.87 0.64
Total 5.57 6.37 6.53 6.60 6.72 6.25 0.77
Simple span 3 Blue 2.90 2.80 2.65 2.72 2.25 2.20 0.86
Black 0.97 1.77 2.10 2.20 1.90 1.30 0.62
Total 3.87 4.57 4.75 4.92 4.15 3.50 0.71
4 Blue 3.42 3.53 3.20 3.25 2.40 2.72 0.77
Black 0.90 1.57 1.75 1.73 1.15 1.33 0.53
Total 432 5.10 4.95 498 3.55 4.05 0.64
5 Blue 422 3.92 3.53 3.30 3.17 2.95 0.70
Black 0.83 1.30 1.45 1.13 0.75 0.83 0.42
Total 5.05 5.22 4.98 4.43 3.92 3.78 0.57
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Figure 1. Graphical depiction of the task requirement for participants in the maxispan group in
Experiments 1 to 3. As shown on the figure, participants in Experiment 1 had to rehearse the blue
letters cumulatively as they appeared on the screen, and to continue rehearsing them during the
presentation of the black letters. They were also required to refresh the black letters, but not
rehearse them, while continue rehearsing covertly the blue letters. The procedure was the same
for the simple span group, except that they received no specific advice concerning the use of
rehearsing and refreshing strategies (A). In Experiment 2, the procedure was the same, except
that all the letters were presented in an auditory format and blue and black squares were
displayed on the screen to indicate which letters were to be rehearsed (B). In Experiment 3, the
procedure was also the same, at the difference that the first letters were presented in an auditory
format, and accompanied by blue squares on the screen to indicate they should be rehearsed,

followed next by black letters visually presented (C).



VERBAL SHORT-TERM MEMORY SPANS 81

9.
8.
——
-1 —
! —1
T
—
6 i —_] I I
1 1

C
S °
n |:|Maxispan
& |:|Simple span
[} 41
=

3.

2_

14

0 : . .

3 4 5
Number of letters to rehearse Best span

Figure 2. Mean spans for the simple span and the maxispan procedures as a function of the
number of blue letters to rehearse in Experiment 1. The right part of the graph represents the best

span reached over the three conditions. The bars represent standard error of the mean.



VERBAL SHORT-TERM MEMORY SPANS

1.0

0.91 T
0.8 Tt
071 ERLTE {

0.61 =— Maxispan

0.4 1

Proportion of correct recall

0.31

0.21

0.11

0.0 T T T r . :
1 2 3 4 5 6

Number of black letters
Figure 3. Mean proportion of blue letters correctly recalled at their serial position as a function
of the number of following black letters in Experiment 1. Error bars represent standard error of

the mean.

82

0.5- = =Simple span



VERBAL SHORT-TERM MEMORY SPANS 83

1.07
0.91
0.81

0.7 1

i
il

0.61

0.5 _ DM'amspan
DSlmpIe span

-

0.4 1

0.31 s

Proportion of correct recall

0.21

0.11

0.0

3 4 5
Number of blue letters
Figure 4. Means proportion of black letters correctly recalled at their serial position as a function

of the number of blue letters to rehearse in Experiment 1. Error bars represent standard error of

the mean.



VERBAL SHORT-TERM MEMORY SPANS

1.00 1.00
0.90 0.90
0.80 0.80
0.70 0.70
ﬁ 0.60 ——31 § 0.60 ——3 1
Qo
b 83 5 =32
$ 0.50 8 050
£ ——33 £ —4—3 3
8 S
6 0.40 =34 S 0.40 3.4
Q Q
3 —x=3_5 5 —=3_5
0.30 —36 0.30 —3 6
0.20 0.20
0.10 0.10
0.00 0.00
B1 B2 F1 F2 F3 F4 F5 F6 BL B2 B3 F1 F2 F3 F4 F5 F6
Serial position Serial position
1.00 1.00 -
0.90 0.90
0.80 0.80
0.70 0.70
E 0.60 ——a 1 ?; 0.60 - ——4_1
£ = ——42
e _
£ oso - £ oso
£ b4 3 £ —4—4_3
8
S 040 el 4 g 0.40 | et 4
Q
B —x—4_5 2 030 —¥—4 5
0.30 € 030 4
——46 —-—i 6
0.20 020 4
0.10 0.10
0.00 0.00
B1 B2 83 F1 F2 F3 B s r6 Bl B2 B3 B4 F1 F2 F3  F4 FS5 F6
Serial position Serial position
1.00 1.00
0.90 0.90
0.80 0.80
0.70 0.70
§ 0.60 ——5_1 ﬁ 0.60 ——51
Q (4
by ~8o52 b 52
g oso - 8 os0 N
E —h—5_3 £ —A=5_3
8 S
6 0.40 —==5.4 6 0.40 —==5_4
Q Q
g x5 k] —=55
0.30 —5 6 0.30 —5 6
0.20 0.20
0.10 0.10
0.00 0.00
Bl B2 B3 BS F1L F2 F3 F4 F5 F6 BL B B B4 B FL F2 F3 F4 F5 F6
Serial position Serial position

84

Figure 5. Rate of correct recall of the letters as a function of their serial position and list length in

Experiment 1. Left and right panels are for the maxispan and the simple span procedures,

respectively. In the x-axes, B and F refer to blue and black letters, respectively. List lengths are
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expressed as the number of blue and black letters (e.g., 4-3 refers to a series with 4 blue and 3

black letters).
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Figure 6. Mean spans for the simple span and the maxispan procedures as a function of the
number of blue letters to rehearse in Experiment 2. The right part of the graph represents the best

span reached over the three conditions. The bars represent standard error of the mean.
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Figure 9. Rate of correct recall of the letters as a function of their serial position and list length in

Experiment 2. Left and right panels are for the maxispan and the simple span procedures,

respectively. In the x-axes, B and F refer to blue and black letters, respectively. List lengths are
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expressed as the number of blue and black letters (e.g., 4-3 refers to a series with 4 blue and 3

black letters).
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number of blue letters to rehearse in Experiment 3. The right part of the graph represents the best
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Figure 13. Rate of correct recall of the letters as a function of their serial position and list length

in Experiment 3. Left and right panels are for the maxispan and the simple span procedures,

respectively.. In the x-axes, B and F refer to blue and black letters, respectively. List lengths are
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expressed as the number of blue and black letters (e.g., 4-3 refers to a series with 4 blue and 3

black letters).
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Appendix A

Serial position curve analysis

Experiment 1

We analyzed, separately for each condition of letters to rehearse (3 to 5), recall accuracy
for the blue letters as a function of serial position via Bayesian mixed ANOVAs with the
procedure (maxi vs. simple span) as a between-subject factor and the serial position (from 1 to 3,
1 to 4, and 1 to 5, for each condition of letters to rehearse, respectively) as a within-subject factor.
Consistently across the three analyses, the full model containing the two main effects and their
interaction was preferred with decisive evidence over the second best model (BF1o = 6.46E+4,
BFi0 = 1.59E+9, and BF o = 4.89E+6, for the 3-blue, 4-blue and 5-blue letters to rehearse
conditions, respectively). In addition to the already reported result that recall accuracy is higher
in the maxispan than the simple span procedure group (see the main text), we also have evidence
that blue letters recall accuracy decreased as the serial position increased and that serial position
interacted with the procedure (Figure A1.1). We thus analyzed the data separately for each group,
and each condition of blue letters, through the mean of Bayesian repeated-measures ANOVA
with the serial position as a within-subject factor (from 1 to 3, 1 to 4, and 1 to 5, for each
condition of letters to rehearse, respectively). For the simple span procedure group, the results
provided decisive evidence for an effect of serial position on blue letters recall accuracy (BFio =
2.25E+4, 8 47E+9, and 1.13E+11, for the 3-blue, 4-blue and 5-blue letters to rehearse conditions,
respectively). As one can see in Figure A 1.1, this effect characterized by a clear decrease in recall
performance as serial position increased, supporting the presence of a primacy effect, but the

absence of an effect of recency. For the maxispan procedure group, we observed anecdotal
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evidence in favor of the null model supporting the absence of an effect of serial position on blue
letters recall accuracy for the 3-blue (BFo1 = 2.45) and the 4-blue letters to rehearse condition
(BFo1 = 1.40). In contrast, in the 5-blue letters to rehearse condition, we obtained decisive
evidence for the presence of an effect of a serial position (BFio = 5.31E+4). The difference
between serial positions 1 (M =.94, SE =.01) and 2 (M = .91, SE = .02), and serial positions 2
and 3 (M = .87, SE = .02) was supported by evidence in post hoc analyses (BF1o = 38.30 and
BF10 = 5.05, respectively). However, the comparison between serial positions 3 and 4 (.86, SE
=.02), and serial positions 4 and 5 (M = .86, SE = .02), provided support of an absence of
difference (BFo1 = 2.38 and BF¢; = 4.30, respectively).

Experiment 2

Separately for each condition of letters to rehearse (3 to 5), we analyzed the blue letters
recall accuracy as a function of serial position through the mean of Bayesian mixed ANOVAs
with the procedure (maxi vs. simple span) as a between-subject factor and the serial position
(from 1 to 3, 1 to 4, and 1 to 5, for each condition of letters to rehearse, respectively) as a within-
subject factor. For the three analyses, the results provided decisive evidence in favor of the full
model supporting the presence of the two main effects and their interaction, preferred with
decisive evidence over the second best model (BF 1o = 642.44, BFio = 6.47E+10, and BF o =
2.92E+7, for the 3-blue, 4-blue and 5-blue letters to rehearse conditions, respectively). In
addition to the already reported effect of procedure, this result provides evidence for an effect of
serial position characterized by a decrease of the blue letters recall accuracy as serial position
increased, the serial position interacting with the procedure (Figure A1.2). Given the evidence in
favor of the interaction, we analyzed the data separately for each group, and for each condition of

blue letters, via Bayesian repeated-measures ANOVAs with the serial position as a within-subject
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factor (from 1 to 3, 1 to 4, and 1 to 5, for each condition of letters to rehearse, respectively). For
the simple span procedure group, the results provided for each analysis decisive evidence in
favor of the alternative model supporting the presence of an effect of serial position on blue
letters recall accuracy (BF1o = 8373.73, BF10 = 3.32E+12, and BFio = 1.64E+20, for the 3-blue,
4-blue and 5-blue letters to rehearse conditions, respectively). As shown in Figure A1.2, it
appears clearly that recall accuracy decreased as serial position increased, marking the presence
of an effect of primacy, but the absence of a recency effect. For the maxispan procedure group,
the results provided moderate evidence in favor of the null model supporting the absence of an
effect of serial position for the 3-blue letters to rehearse condition (BFo; = 3.87). However, we
obtained moderate and decisive evidence in favor of the presence of an effect of serial position
on blue letters recall accuracy for the 4-blue (BF1o = 5.56) and 5-blue (BF1o = 5.87E+8) letters to
rehearse condition, respectively. Post hoc analysis in the 4-blue letters condition revealed an
absence of difference between serial positions 1 (M =.94, SE =.02) and 2 (M = .93, SE =.01),
and serial positions 2 and 3 (M = .92, SE = .02), supported by moderate (BFo; = 4.24) and
anecdotal (BFo; = 2.77) evidence, respectively. We also observed ambiguous evidence for an
absence of difference (BFo; = 1.01) when comparing serial positions 3 and 4 (M = .89, SE = .02).
However, we obtained moderate evidence for a difference between serial positions 1 and 4 (BF1o
= 6.84) and serial positions 2 and 4 (BFo1 = 4.74). For the 5-blue letters condition, it is clear in
Figure A1.2 that recall accuracy decreased progressively as serial position increased.

Experiment 3

We analyzed recall accuracy for the blue letters as a function of serial position in the
same way as in the previous experiments. The results provided evidence in favor of the full

model supporting the presence of the two main effects with their interaction, preferred over the
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second best model by a factor of 1606.08 and 2.23E+8 in the 4-blue and 5-blue letters to rehearse
condition. In the 3-blue letters condition, the results were ambiguous, providing similar level of
evidence to the full model, the model with the two main effects, and the model with only the
effect of group. An analysis of specific effect provided some evidence, nonetheless anecdotal for
the presence of an interaction term (BFciusion = 2.20) and an effect of serial position (BFmctusion =
1.68), but decisive evidence for the effect of group (BFmciusion = 5.71E+4). These results added to
the already reported effect of procedure on blue letters recall accuracy, evidence for an effect of
serial position with performance decreasing as serial position increase, that interacted with the
procedure; the pattern of effect is overall consistent across the three blue letters conditions
(Figure A1.3). Given the overall evidence for the presence of an interaction, we analyzed the data
separately for each group, and for each condition of blue letters, via Bayesian repeated-measures
ANOVAs with the serial position as a within-subject factor (from 1 to 3, 1 to 4, and 1 to 5, for
each condition of letters to rehearse, respectively). For the simple span procedure group, the
analyses favored to a decisive level the alternative model supporting the presence of an effect of
serial position in the 4-blue and 5-blue letters to rehearse conditions that is characterized by a
clear primacy effect, but no effect of recency (BFi0 = 3.41E+4 and BFo = 4.35E+11,
respectively). For the 3-blue letters to rehearse condition, the evidence in favor of an effect of
serial position was only anecdotal (BF10 = 1.62). For the maxispan procedure group, the results
provided moderate evidence in favor of the null model supporting the absence of an effect of
serial position on blue letters recall accuracy in the 3-blue and 4-blue letters to rehearse
conditions (BFo1 = 3.17 and BFo1 = 4.53, respectively). In contrast, in the 5-blue letters to
rehearse condition, we obtained moderate evidence in favor of the alternative model supporting

the presence of an effect of serial position on blue letters recall accuracy (BF1o = 6.28). Post hoc
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analyses yielded strong (BF1o = 21.00) and moderate (BF10 = 4.75) evidence for a difference in
terms of recall accuracy between serial positions 1 (M = .93, SE =.02) and 3 (M = .86, SE =.02),
and serial positions 1 and 4 (M = .88, SE = .02), respectively. There was also evidence for a
difference, but only to an anecdotal level, BFio = 1.28 and BFo = 2.04, between serial positions

2 (M =.90, SE =.02) and 3, and serial positions 3 and 5 (M = .90, SE = .02), respectively.
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Figure A1.1. Means and standard errors for the proportion of blue letters correctly in Experiment
1, as a function of serial position. Top left panel: serial position curve for the 3-blue letters
condition. Top right panel: serial position curve for the 4-blue letters condition. Bottom panel:

serial position curve for the 5-blue letters condition.
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3, as a function of serial position. Top left panel: serial position curve for the 3-blue letters
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serial position curve for the 5-blue letters condition.
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Appendix B

Transposition error analyses

For theoretical reasons exposed in the general discussion, we focused on transposition
errors distribution patterns. We first computed for each participant and across all the trials the
number of transposition errors (i.e., recalling a presented item but at the wrong serial position).
However, if a letter presented in the list was recalled at the correct position, and recalled a
second time but at the wrong serial position (e.g., recalling D—N—K—G—V—K instead of D—
N—K—G—V—T), the erroneous recall was considered as a repetition error and not as a
transposition. After that, we computed among all the transpositions errors the proportion of
between-group transpositions (i.e., recalling a blue letter to a position where a black letter was
presented, or vice versa). We next determined among all the transpositions errors the proportion
of relative interposition errors for the first and last group positions (i.e., recalling the first or the
last blue letter at the position of the first or the last black letter, respectively). We chose to focus
on relative interpositions for the first and last letters of each group for two reasons. First, it is
known that when groups of items are of unequal sizes, items tend to be transposed following a
relative, rather than a positional coding scheme (Henson, 1998; Henson & Burgess, 1997).
Second, according to the Start-End Model (Henson, 1998), whatever the difference of size
between two group of items, the first and last positions keep the same relative code in the
different group size.

Experiment 1

We compared the maxispan and the simple span procedure conditions regarding their

proportions of between-group transposition and interpositions through the mean of undirected
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Bayesian independent samples #-tests. For between-group transposition errors, the analysis
yielded decisive evidence for a difference between the two conditions (BF1o = 255.48, Cohen’s d
= -1.39), with lower proportions of between-group transpositions with the maxispan (M = .25,
SE = .02) than the simple span procedure (M = .35, SE = .02). For interposition errors, the results
supported to a decisive level the presence of a difference between conditions (BF1o = 2384.23,
Cohen’s d = -1.65) characterized by a lower proportion of interposition errors in the maxispan
(M =.02, SE =.01) than in the simple span condition (M = .06, SE = .01).

Experiment 2

As far as Experiment 2 was concerned, for between-group transposition errors, the
analysis provided anecdotal evidence for an absence of difference (BFo1 =2.01, Cohen’s d = -
0.35) between the two conditions (M = .33, SE = .02 and M = .36, SE = .04, respectively). For
interposition errors, the results yielded very strong evidence for a difference between the two
conditions (BF1o = 95.07, Cohen’s d = -1.27) with fewer proportion of interposition errors in the
maxispan (M = .03, SE =.004) than in the simple span condition (M = .06, SE = .004).

Experiment 3

For between-group transposition errors, the analysis yielded strong evidence for a
difference between conditions (BFio = 10.25, Cohen’s d = -0.97), the maxispan (M = .20, SE
=.02) procedure eliciting proportionally less between-group transpositions than the simple span
procedure did (M = .29, SE = .02). For interposition errors, the results provided very strong
evidence for a difference between the two conditions (BFio = 37.74, Cohen’s d = -1.15), with
lower proportion of interposition errors in the maxispan (M = .03, SE = .005) than in the simple

span procedure (M = .06, SE = .01).



