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Abstract 

 

Many studies have shown that both verbal and visuospatial working memory (WM) 

abilities predicted arithmetic abilities but we do not know if they represent a modality-specific 

contribution or reflect the involvement of an often shared WM aspect: the serial order storage. 

We administered verbal and visuospatial short-term memory (STM) tasks with variable serial 

order storage requirements and a mental calculation task in children. We observed that verbal 

serial order STM abilities predicted early mathematical abilities independently of verbal item 

STM and visuospatial STM abilities. For visuospatial STM abilities, a more general link with 

overall arithmetic abilities was observed in 8-year-old children, with the serial order task 

predicting additions, and the simultaneous task predicting subtractions. In 9-year-old children, 

no link with mathematical abilities was observed anymore for any STM measure. These data 

confirm a specific and complementary role of verbal and visuospatial serial order STM 

abilities in mathematical development.  
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 Working memory (WM) defines our ability to temporarily maintain visuospatial or verbal 

information in an activated and conscious state. As such, WM is involved in many cognitive 

operations such as sentence processing, new vocabulary learning, verbal reasoning, note taking, 

reading or writing abilities (Alloway et al., 2005; Gathercole & Alloway, 2006). Like many 

other authors, we use the term ‘working memory’ in a functional manner and refer to any 

situation involving the temporary retention of information, in line with a very common usage 

of this term (see Cowan, 2017, for an extensive discussion of the difficulties associated with 

the definition of the term ‘working memory’). An extensive amount of studies have investigated 

more specifically the relationship between WM and mental calculation abilities (see for a 

review Allen, Higgins, & Adams, 2019; Peng, Namkung, & Barnes, 2016; Raghubar, Barnes, 

& Hecht, 2010). A critical role of both verbal and visuospatial WM in mental calculation has 

been established. However, very few studies have explored the nature of these links and the 

specificity of the link between each kind of WM in mental calculation abilities. This study aims 

to better understand the specific involvement of verbal and visuospatial WM (for maintenance 

abilities) by focusing on one possible common aspect of verbal and visuospatial WM tasks, the 

storage of serial order information.  

A series of studies have highlighted the role of visuospatial WM abilities in early 

mathematical development and learning (Holmes & Adams, 2006; Holmes et al., 2008; 

McKenzie et al., 2003; Rasmussen & Bisanz, 2005; Van de Weijer-Bergsma et al., 2015). 

Visuospatial WM has been shown to support not only basic numerical processes such as 

numerical magnitude processing, counting or writing of numbers (Attout et al., 2017; 

Simmons et al., 2012) but also more complex numerical processing such as arithmetical 

abilities (see for example Clearman, Klinger, & Szűcs, 2017; Li & Geary, 2013; Szűcs, 

Devine, Soltesz, Nobes, & Gabriel, 2014), problem solving (Passolunghi & Mammarella, 

2010) or geometric processing (Giofrè et al., 2013). The same observation have been made 
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with regard to verbal WM where numerous studies also demonstrated a very early 

involvement in mathematical development. Several meta-analyses have highlighted the 

importance of verbal WM abilities in various aspects of mental calculation abilities at 

different developmental stages (see for a review Friso-van den Bos, van der Ven, 

Kroesbergen, & van Luit, 2013; Peng et al., 2016; Raghubar et al., 2010). Verbal WM 

abilities have been shown to be more specifically involved in the ability to solve 

multiplication problems or to process more general mathematical abilities at later 

developmental stages (Caviola et al., 2020; De Rammelaere et al., 2001; De Smedt et al., 

2009). However, other studies suggest that verbal WM may also be involved in very early 

mathematical abilities such as counting and first additions (Attout et al., 2014; Imbo & 

Vandierendonck, 2007; Noël, 2009). 

Although the involvement of verbal and visuospatial WM abilities in (early) arithmetic 

development seems to be relatively well established, the specific nature of the processes 

responsible for this association still remain strongly debated. Some studies suggest that verbal 

and visuospatial WM abilities, are independently associated with mathematical abilities and 

this at different development stages. In a longitudinal study, De Smedt et al. (2009) 

demonstrated that WM performance, as assessed at the start of the first grade, predicted 

mathematical achievement four months and one year later but with notable differences for 

verbal and visuospatial WM abilities. While on the one hand, visuospatial WM was a unique 

predictor of first-grade mathematical achievement (covering number knowledge, 

understanding of operations, simple arithmetic, word problems, and geometry/measurement 

for numbers from 1 to 10) but not of second-grade mathematical achievement; on the other 

hand, verbal WM appeared as a unique predictor of second grade mathematical achievement 

only (see also Hecht, Torgesen, Wagner, & Rashotte, 2001; Holmes & Adams, 2006; 

McKenzie et al., 2003). The authors have suggested that early mathematical processing 
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requires the use of concrete representations for numerical concepts and that visuospatial WM 

provides a workspace for processing and manipulating these representations (see also Holmes 

& Adams, 2006) while the later involvement of verbal WM would reflect an increasing 

reliance on verbal or phonological information to solve calculation problems. However, 

Meyer et al. (2010) found that while verbal WM predicted mathematical reasoning skills in 

second grade children, visuospatial WM predicted again mathematical reasoning and 

numerical operation skills in third graders (see also Li & Geary, 2013 for similar results). The 

authors suggested that verbal WM abilities support the translation of the verbal codes of the 

written mathematical problems into numeric–symbolic codes especially for young children in 

which these verbal-numerical mappings are not yet automatized. The involvement of 

visuospatial WM in later mathematical reasoning abilities could reflect the translation of the 

verbal description of the problem in a more global visuospatial representation.  

Other studies suggested a common source of involvement for verbal and visuospatial 

WM in mathematical development. For example, Toll and Van Luit (2013) found that very 

low WM skills, whatever the modality, were associated with poor performance in early 

numerical tasks. Moreover, in a recent meta-analysis, Peng et al. (2018) found that the 

association between WM and mathematical abilities varied as a function of the mathematical 

skill assessed and type of population (adults, healthy children or children with low 

mathematical abilities), but not as a function of WM domain (visuospatial, verbal or 

numerical WM domains). Overall, it remains unclear if verbal and visuospatial WM 

modalities represent independent predictors of mathematical abilities or not.  

The present study takes a new perspective on this question by considering serial order 

WM, a WM sub-component that may be shared between both WM modalities, and by 

examining to what extent this sub-component may be responsible for the shared prediction of 

mathematical abilities by verbal and visuospatial WM abilities. To measure the specific role 
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of serial order retention abilities processes, we contrasted serial order retention abilities to 

item retention abilities in both verbal and visuospatial domains. While item information refers 

to the identity of the items of a memory list, order information refers to the serial position of a 

given item within the memory list. The distinction between item and serial order retention 

abilities was motivated by recent behavioral, neuroimaging as well as neuropsychological 

studies indicating that item and order retention capacities can be dissociated and that serial 

order retention abilities, at least in the verbal domain, are most specifically associated with 

mathematical abilities and development (see for example Attout et al., 2019; Majerus et al., 

2007; Saint-aubin & Poirier, 1999).  

This distinction is in line with current theoretical models of WM in the verbal domain, 

suggesting that item information is represented in WM via linguistic codes, whereas order 

information is considered to rely on contextual codes although their temporal or spatial nature 

still needs to be clarifier (Brown et al., 2000; Henson, 1999; see Majerus, 2019, for a review; 

Page & Norris, 2009). Moreover, the item-order distinction has also been demonstrated in the 

visuospatial domain of WM based on the distinction between simultaneous and sequential 

components of spatial WM (Attout, Noël, et al., 2020; Majerus et al., 2010; Mammarella et 

al., 2013, 2006, 2008; Smyth et al., 2005; Wansard et al., 2015). The simultaneous component 

can be considered to be equivalent to the item component in the verbal domain as the identity 

of all information available at once needs to be maintained. The sequential component 

corresponds to the serial order component in the verbal domain as memoranda are presented 

in temporal succession and their order of appearance needs to be maintained and 

reconstructed at the moment of recall. Evidence for specific impairment of simultaneous 

versus sequential visual information has been demonstrated in different neurodevelopmental 

and neuropsychological populations (non-verbal learning disorders, Down syndrome, 

Williams syndrome, brain injury) (Attout, Noël, et al., 2020; Carretti & Lanfranchi, 2010; 
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Carretti et al., 2015; Lanfranchi et al., 2015; Mammarella et al., 2010). This dissociation is 

also accounted for by recent theoretical models dissociating simultaneous vs. sequential 

presentation in visuospatial WM tasks (Cornoldi & Vecchi, 2003). 

While most verbal WM tasks involve the processing and retention of serial order 

information at least in a minimal manner due to the sequential nature of verbal stimuli, this 

involvement may be more variable in visuospatial WM tasks, depending on the sequential vs. 

simultaneous presentation of memoranda in these tasks. A number of studies have shown that 

when verbal and visuospatial tasks are matched for sequential presentation and encoding 

format, then both tasks appear to rely on shared cognitive and neural mechanisms. Verbal and 

visuospatial WM tasks have been shown to rely on a common fronto-parietal network and 

increased order but not item errors are observed in both WM modalities when the left 

supramarginal gyrus is suppressed via transcranial magnetic stimulation (Guidali et al., 2019; 

Majerus et al., 2010; Shallice & Papagno, 2019). In the same vein, but by using a purely 

behavioral paradigm, Vandierendonck (2016) showed cross-modal interference between WM 

tasks but only for interfering conditions involving serial order retention requirements.  

At the verbal WM level, an increasing number of studies have suggested that the 

temporary maintenance of serial order information is involved in early calculation abilities. 

Longitudinal studies following children from an age of four years showed that verbal serial 

order WM abilities (in contrast to item WM abilities requiring to reproduce verbal stimuli 

without specific serial order recall requirements), predicted later counting and mental 

calculation abilities (Attout et al., 2014; O’Connor et al., 2018, 2019). Furthermore, children 

and adults presenting mathematical disabilities have been shown to exhibit order but not item 

WM impairment (Attout & Majerus, 2014; Attout et al., 2015; De Visscher et al., 2015; 

Morsanyi et al., 2018). At the visuospatial WM level, serial order WM requirements have 

rarely been considered directly and specifically in studies examining the link between 
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visuospatial WM and mathematical abilities. However, a meta-analysis showed that among 

different visuospatial WM tasks, the Corsi task (Block Tapping Test), involving the 

temporally ordered reproduction of a sequence of blocks of increasing length, shows the 

strongest association with mathematical abilities, relative to other visuospatial WM tasks 

(Friso-van den Bos et al., 2013). However, without a direct control of the serial order storage 

requirements of the different visuospatial WM tasks reviewed in that study, we can only 

speculate about the possible role of serial order WM abilities in the link between the Corsi 

task and mathematical abilities (Donolato et al., 2017; Holmes et al., 2008).   

The present study 

 The aim of the present study was to re-examine the association between the acquisition 

of mathematical abilities and verbal vs. visuospatial WM abilities (i.e., short-term retention 

abilities) by focusing more specifically on the role of serial order WM requirements in these 

associations. Even if it is very difficult to draw a clear distinction between so-called short-

term memory (STM) and WM tasks, the tasks used in the present study tap storage abilities 

more than the manipulation of maintained information, and our results are limited to the 

maintenance aspect of WM (see Cowan, 2017, for an extensive discussion of the difficulties 

associated with the definition of the term ‘WM’). We therefore used the term ‘STM’ when 

referring to the tasks used in this study. We hypothesized that if there is a common 

involvement of verbal and visuospatial STM abilities in the acquisition of mathematical 

abilities and if this is involvement is mediated by the serial order storage requirements of the 

STM tasks, then we should observe the strongest link between mathematical abilities and 

those verbal and visuospatial STM abilities that have the strongest serial order storage 

requirements. Furthermore, as already noted, the respective involvement of verbal and 

visuospatial WM in mathematical abilities may depend on developmental stage of 

mathematical acquisition. We therefore included three different age groups in this study for 
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which important developmental changes at both arithmetic and WM levels have been 

demonstrated: children aged, 7-, 8- or 9-year-old (Carpenter & Moser, 1982; Nicolaou et al., 

2018).  

 For the verbal domain, we used two tasks, one focusing on the maintenance of serial 

order information and the other one focusing on the maintenance of phonological item 

information. Both tasks had been validated in previous studies (see for example Attout et al., 

2014; Majerus et al., 2006; Ordonez Magro et al., 2018; O’Connor et al., 2018). In the verbal 

serial order STM task, children had to reconstruct the serial order of animal names presented 

in auditory lists of increasing length. This task maximized serial order retention processes 

given that the animal names were repeatedly sampled from the same, restricted set of highly 

familiar words. Also, for the different trials of a given list length, exactly the same animal 

names were used and only their order changed. Furthermore, at the moment of recall, cards 

depicting the animals (and only those) that had been presented in the memory sequence were 

given to the child, and the child had to reconstruct the order of presentation of the animals 

using these cards. Hence item information was fully available at the moment of recall. These 

procedures were intended to minimize the contribution of item retention requirements. 

However, as no task is pure, a second task controlled for phonological item retention abilities 

by administering a single nonword repetition task. In this task, the child had to repeat after a 

short delay a single, monosyllabic nonword. Each nonword differed for each trial, thereby 

maximizing phonological retention abilities. Furthermore, given that a single nonword had to 

be repeated, the intervention of list-level serial ordering storage was prevented. For the 

visuospatial domain, the serial order task is close to the Corsi Block tapping task, with the 

experimenter touching different cells of a blank matrix in temporal succession, with 4 to 8 

being successively touched for a given trial. Serial order requirements were maximized 

because the presentation was sequential and recall required that tokens were put on target 
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cells in the same order as during encoding. The item task consisted in the presentation of a 

simultaneous array of 4 to 8 dots in different locations and controlled for the additional spatial 

component involved in the visuospatial serial order task. Participants had to indicate in which 

location dots had been presented. Serial order requirements were minimized given that all 

dots were presented at the same time. These two tasks have been extensively used to study 

simultaneous (item) and sequential (serial order) visuospatial WM abilities in children and 

adults (Carretti & Lanfranchi, 2010; Carretti et al., 2013, 2015; Imbo et al., 2010; Kemps, 

2001; Mammarella et al., 2008; Pickering et al., 2001; Wansard et al., 2015). 

 Mathematical abilities were measured using a standardized mathematical fluency task 

assessing the solving of simple additions, subtractions and multiplications. In order to 

examine in which kind of calculation process serial order STM may be particularly involved, 

we examined more deeply the links between STM measures and the different types of 

operations, such as addition, subtraction and multiplication. While small additions and 

multiplications can be achieved by a fast and automatic access to arithmetic facts in older 

children, younger children need to use controlled, stepwise calculation processes and hence 

serial order STM abilities may be associated with ‘small’ calculations in younger but not 

older children. For subtractions (and large additions), controlled calculation procedures may 

also require the involvement of serial order STM abilities in older children. Finally, we 

controlled intellectual efficiency by administering a non-verbal reasoning test as well as a 

receptive vocabulary test. 

Method 

Participants 

One hundred and seventy-four children were tested including 43 children from second 

grade (7-year-old), 83 children from third grade (8-year-old) and 48 from fourth grade of 

primary school (9-year-old). The children were recruited in sixteen primary schools. All 

children came from families with middle-class socioeconomic background, as determined by 
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their parents’ professional status. This study has been carried out in accordance with The 

Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments 

involving humans. For recruitment, parents were sent a written description of the study, an 

informed consent form, and a medical history questionnaire. This questionnaire allowed us to 

exclude children who did not speak French as a first language or who had had a history of 

neurological disorder, neurodevelopmental delay, sensory impairment or learning 

impairments. The data from two children had to be excluded due to outlier performance: one 

showed extremely high performance in mathematical abilities (>2 SD) in the 7-year-old group 

and another one showed low intellectual efficiency (<2 SD) in the 8-year-old group. All data 

are accessible [dataset: Attout, 2021]. 

Materials 

Verbal item STM task 

 The retention of item information was assessed using a single nonword delayed 

repetition task validated in several studies (see for example Attout et al., 2014; Majerus et al., 

2006; Ordonez Magro et al., 2018). Twenty monosyllabic nonwords were presented. At the 

end of each auditory presentation, the children were instructed to first repeat aloud the 

nonword to ensure that the word was heard correctly and after that the children had to 

continuously repeat the syllable “bla” during the retention delay of three seconds. Then, the 

experimenter instructed the children to repeat the stimulus. This task minimized serial order 

information retention requirements because only a single item had to be retained, all words 

had the same consonant–vowel– consonant structure, and the items were recalled after a filled 

delay that hindered sequential rehearsal of the to-be-stored information. The nonword stimuli 

were recorded by a female human voice and presented via headphones. To explain the task to 

the children, the experimenter said: “You are an adventurer or a princess locked up in the 

tower of a castle. To find your way out of the castle, you have to open many doors by 
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remembering passwords. When you see a closed door, you will hear through the headphones a 

password from a magic language and which you have to recall after having repeated 

“blablabla . . .” during a short time. If you repeat correctly the password after my order, the 

door will open.” The children additionally had to repeat the nonword immediately after 

presentation to confirm that they had correctly perceived the item and were able to reproduce 

it accurately. However, no corrective feedback was given to the children but we determined 

the total number of phonemes correctly repeated after the delay in function to the nonword 

repeated directy, as the dependent variable. This task has good internal reliability (Cronbach 

α: = .87; Attout et al., 2014) and test-retest reliability (R = .74–.79; Leclercq & Majerus, 

2010; Majerus et al., 2006). 

Verbal serial order STM task 

 The retention of serial order information was assessed using a serial order 

reconstruction task also validated in several studies (see for example Attout et al., 2014; 

Majerus et al., 2006; Ordonez Magro et al., 2018). After the auditory presentation of 

sequences of animal names (chat, chien, coq, lion, loup, ours, and singe [cat, dog, cock, lion, 

wolf, bear, and monkey]), the children had to rearrange cards depicting the animals as a 

function of their order of presentation. This task minimized item information retention 

requirements since the seven stimuli were highly frequent (high lexical frequency, low age of 

acquisition and monosyllabic structure), known in advance and available at recall. The seven 

stimuli were used to form lists with lengths ranging from two to seven items, and there were 

four trials for each list length (24 list trials). The sequences had been prerecorded by a female 

voice at a rate of one item per second, and were presented to the children via headphones. The 

trials were presented by increasing list length. At the end of each trial, the children were given 

cards (in alphabetical order) depicting the specific animals that had been presented in the trial. 

The children had to rearrange them according to their order of presentation, on a staircase 
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with seven steps drawn on a sheet: they had to put the first item on the highest step, the 

second item on the second step, and so on. To explain the task to the child, the experimenter 

said: “Animals from all over the world gather to have a huge race. Seven animals participate: 

a cat, a dog, a cock, a lion, a wolf, a bear, and a monkey. Several races take place. Sometimes 

only two animals are participating. Sometimes there are three, four, five, six or seven animals. 

Through the headphones, you will hear someone announcing the animal’s order of arrival at 

the finish line, from the first to the last animal. Immediately after, you have to put the pictures 

of the animals on the podium in their order of arrival. The animal arriving first has to be put 

on the highest step and the last one on the lowest step”. We determined the number of 

correctly placed items by pooling over all sequence lengths, as the dependent measure. This 

task has good internal reliability (Cronbach α: = .65; Attout et al., 2014) and test-retest 

reliability (R = .68–.82; Leclercq & Majerus, 2010; Majerus et al., 2006). 

Visuospatial STM tasks  

Visuospatial STM was assessed with two kinds of tasks largely and initially inspired 

by Imbo et al. (2009): the visuospatial simultaneous STM task in which the elements were 

presented all at once, and the visuospatial serial order STM task in which the to-be-

remembered positions were presented sequentially one at a time (see Figure 1). In the 

simultaneous STM task, participants were presented with a matrix of two to ten dots for 5 

seconds. After that, participants were instructed to recall the positions by placing tokens in the 

right location on a blank matrix. In the visuospatial serial order STM task, participants were 

presented with a blank matrix and were instructed to remember the positions of a series of 

cells touched one by one (one per second), by the examiner (see Figure 1). After that, 

participants were instructed to recall the positions in by placing tokens in the right location 

and in the same order than the examiner, on a blank matrix. Therefore, the the two 

visuospatial tasks differed from each other on both, the encoding (serial vs. simultaneous) and 
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the recall (recall item positions in order vs. not). Indeed, to be sure that participants encoded 

well the serial position information it was crucial to ask them to recall the information 

serially. Therefore, all serial order STM tasks used in this study encompassed sequential 

encoding (inherent to the verbal domain) and sequential recall of information. In both STM 

tasks, trials were of growing complexity as the size of the matrix and the number of positions 

to be remembered increased during the task from 4 to 8 positions. The size of the matrix was a 

grid of 4  4 squares for testing spans from length 4 to 7 while a grid of 4 x 5 squares was 

used for testing spans of length 8. Twenty trials were proposed in each visuospatial STM task, 

with 10 unstructured items and 10 structured items. The structured arrangement corresponds 

to a configuration respecting the gestalt principles of symmetry, repetition, and continuation 

while the unstructured arrangement did not correspond to a regular pattern (see Figure 1 for 

an illustration of these arrangements). Carretti et al. (2013, 2015) found a good reliability for 

both tasks (Cronbach’s alpha from .80 to .90). 

Figure 1. Illustration of the visuospatial STM tasks.  
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Calculation task 

Calculation abilities were assessed via a mathematical fluency task testing automatized 

number facts (TTR, De Vos, 1992) with a paper-and-pencil test: Children had to solve a 

maximum of calculations in one minute and this for four columns (additions, subtractions, 

multiplications and a mix of the three operations), by responding in writing. The test also 

includes a set of items testing division operations but given that most of the children at 7-

year-old did yet have extensively learnt division operations at school, we did not administer 

these items. We calculated the number of correct operations for the total of the 4 columns but 

we also detailed the total for each kind of operation, such as additions, subtractions and 

multiplications. This test has been standardized on a sample of 10,059 children in total 

(Ghesquière & Ruijssenaars, 1994) and demonstrates a good reliability (Cronbach’s alphas of 

0.90 in Desoete, Ceulemans, De Weerdt, & Pieters, 2012).  

Intellectual efficiency 

We also collected estimates of non-verbal reasoning and vocabulary knowledge to 

control for overall non-verbal and verbal abilities in our participants. Raven’s Colored 

Progressive Matrices (RCPM; Raven & Raven, 1998) were used as a measure of general non-

verbal reasoning abilities. The raw scores were taken as the dependent measure. Receptive 

vocabulary knowledge was estimated using the EVIP scales (Echelle de Vocabulaire en 

Images Peabody) (Dunn & Theriault-Whalen, 1993). As a dependent variable, we used the 

raw vocabulary scores. 

Procedure 

All tests were administered in two sessions in counterbalanced order. Children were 

tested individually in their respective school, in a quiet room.  

Statistical analyses 
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Considering the recent criticisms that have been raised relating to the use of frequentist 

statistical methods when making statistical inferences, we decided to use a Bayesian statistical 

approach (see for example Dienes, 2011; Morey & Rouder, 2011; Wagenmakers, 2007). This 

approach has the advantage of relying on a model comparison rationale and of adopting a 

model selection strategy to select and quantify the strength of evidence associated with each 

model. The Bayesian framework does not involve traditional p-values, thereby avoiding 

multiple testing problems such as alpha inflation or loss of power when adopting a stricter 

alpha level (Wagenmakers et al., 2008).  

All analyses report Bayes factors (BF) which reflect a relative measure of statistical 

evidence (Morey et al., 2016). The strength of evidence was interpreted by following the 

guidelines proposed by Jeffreys (1961): A BF of 1 provides no evidence, 1 < BF < 3 provides 

anecdotal evidence, 3 < BF < 10 provides moderate evidence, 10 < BF < 30 provides strong 

evidence, 30 < BF < 100 provides very strong evidence and 100 < BF provides 

extreme/decisive evidence for the presence of a given effect, including the null effect. When 

reporting BFs, BF10 indicates the evidence for H1 relative to H0.  

Results 

 

Descriptive statistics are shown in Table 1. The distribution of scores for the different tasks 

was assessed by determining skewness and kurtosis parameters (Tabachnick & Fidell, 1996). 

The majority of measures had acceptable skewness and kurtosis values (values within the 

recommended 2 SD range) except for two measures presenting an overall high performance 

level across the three age groups, the item STM and the non-verbal reasoning measures. 

 

Table 1. Descriptive statistics for the age, intellectual efficiency, STM and mathematical 

fluency. 

 7-year-old children (N=42) 8-year-old children (N=82) 9-year-old children (N=48) 

 M SD Skewn

ess 

Kurtos

is 

M SD Skewn

ess 

Kurtos

is 

M SD Skewn

ess 

Kurtos

is 

Age (in months) 91.05 3.39   103.60 4.50   115.83 4.13   

Receptive vocabulary 

(total, max.=170) 

100.43 13.29 -0.51 0.23 109.21 14.22 -0.17 0.44 116.08 14.54 -0.63 0.35 
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Non-verbal reasoning 

(total, max.=36) 

25.57 4.04 0.07 0.29 27.65 5.17 -0.92* 0.50 29.04 3.98 -1.06* 2.12* 

Verbal serial order STM 

(total, max.=100) 

63.76 9.75 0.17 -0.26 72.22 12.76 0.26 -0.76 71.75 8.74 -0.07 -0.47 

Verbal item STM (total, 

max.=60) 

55.45 4.13 -1.65* 3.63* 53.76 5.24 -0.92* 0.67 55.5 4.95 -1.14* 0.52 

Visuospatial serial order 

STM (total, max.=120) 

64.55 18.51 -0.32 -0.32 66.28 20.16 -0.35 -0.02 77.29 14.71 -0.01 -0.55 

Visuospatial 

simultaneous STM 

(total, max.=120) 

95.93 9.36 -0.31 -0.18 97.15 11.28 -0.38 -0.08 103.83 8.10 -0.85 0.46 

Tempo Test Rekenen 

(total, max.= 200) 

46.48 12.48 0.56 -0.07 55.36  13.29 0.46 0.30 70.19 15.85 0.68 -0.16 

Note. Cutoff for Skewness (S) and Kurtosis (K): 7-year-old group: S=.74, K=1.44; 8-year-old group: S=.54, K=.1.06; 9-year-old group: S=0.69, K=1.31; *= values 
exceeding the cutoff. 

The overall correlations between all measures for each age group are shown in 

Appendix A. We should highlight here the absence of reliable association between the two 

verbal STM tasks, as expected, but also the robust association of the two visuospatial tasks 

indicating that these two tasks shared a common component despite opposing simulatenous 

vs. serial order storage requirements. Of note is also that the only association between the 

verbal and visuospatial tasks is for the two tasks maximizing serial order storage 

requirements, and this only for the group of 9-year-old children. Finally, with regard to 

intellectual efficiency measures, we observed strong evidence for a link between the verbal 

and non-verbal estimates of intellectual efficiency in the 8-year-old and the 9-year-old groups. 

Both intellectual efficiency estimates were also associated with almost all STM measures in 

the different age groups, as well as with mathematical abilities in most age groups.  

Association between STM and the mathematical fluency global score 

As shown in Table 2, mathematical fluency was associated with all STM tasks except 

for the item STM measure in the 7-year-old group, after control of non-verbal and verbal 

intellectual efficiency. The two visuospatial STM measures were also associated with 

mathematical proficiency in the 8-year-old group. In the 9-year-old group, none of the STM 

measures was robustly associated with mathematical proficiency.  

Table 2. Bayesian partial correlations between mathematical fluency global performance and 

STM abilities controlling for non-verbal and verbal intellectual efficiency and this for each 

age group. 
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Next, we examined the specificity of these associations by running several Bayesian linear 

regressions on the mathematical proficiency score (see Table 3). In all regressions, the 

influence of intellectual efficiency estimates was controlled by adding them in the null model.  

For the 7-year-old group, a regression analysis with the four STM measures as predictor 

variables showed that the best model included the verbal serial order STM predictor only and 

this model was 1.56 times more likely than the model with the next-highest BF, including the 

same predictor plus the visuospatial serial order STM measure; as the latter model is less 

parcimonious than the former, the model with only the verbal serial order STM predictor 

should be retained. This result confirms the specific role of verbal serial order STM abilities 

in mathematical fluency at this age. When running the same analysis for the 8-year-old group, 

we observed that the best model included both the visuospatial simultaneous and the 

visuospatial serial order STM tasks, but this model was less than two times more likely that 

the models including only the visuospatial simultaneous or the visuospatial serial order STM 

tasks, indicating that the two tasks make similar contributions to mathematical fluency. This is 

also indicated by the minimal increase of R² when considering the two predictors together 

relative to when they they are individual predictors (see Table 3). 

Table 3. Bayesian regressions for the mathematical fluency score: analysis of models. 

Models P(M) P(M|

data) 

BF 

M 

BF 10 R² 

7-year-old children 

Verbal serial order STM 0.05  0.26  6.53  19.86  0.37  

Verbal serial order STM + Visuospatial serial order STM 0.03  0.11  3.55  12.69  0.40  

Verbal serial order STM + Visuospatial simultaneous STM 0.03  0.10  3.20  11.56  0.39  

Verbal serial order STM + Verbal item STM 0.03  0.06  1.91  7.21  0.37  

 7-year-old children 8-year-old children  9-year-old children  

Verbal serial order 

STM 
r = .52, BF10 = 152.40 r = -.07, BF10 = 0.15 r = .06, BF10 = 0.17 

Verbal item STM r = -.04, BF10 = 0.19 r = .24, BF10 = 1.10 r = -.01, BF10 = 0.16 

Visuospatial serial 

order STM 

r = .35, BF10 = 3.46 r = .37, BF10 = 75.06 r = -.10, BF10 = 0.21 

Visuospatial 

simultaneous STM 
r = .45, BF10 = 30.71 r = .39, BF10 = 90.99 r = .25, BF10 = 0.64 



 
 

19 

 

Verbal serial order STM + Visuospatial serial order STM + 

Visuospatial simultaneous STM 

0.05  0.08  1.58  5.96  0.40  

Verbal serial order STM + Verbal item STM + Visuospatial 

serial order STM 

0.05  0.07  1.32  5.04  0.40  

Verbal serial order STM + Verbal item STM + Visuospatial 

simultaneous STM 

0.05  0.06  1.20  4.60  0.39  

Verbal serial order STM + Verbal item STM + Visuospatial 

serial order STM + Visuospatial simultaneous STM 

0.20  0.13  0.61  2.58  0.40  

Visuospatial simultaneous STM 0.05  0.03  0.56  2.24  0.28  

Visuospatial serial order STM 0.05  0.02  0.40  1.60  0.26  

Visuospatial serial order STM + Visuospatial simultaneous 

STM 

0.03  0.01  0.36  1.41  0.30  

Null model (incl. Evip, Raven)  0.20  0.05  0.22  1.00  0.20  

Verbal item STM + Visuospatial simultaneous STM 0.03  0.01  0.24  0.93  0.28  

Verbal item STM + Visuospatial serial order STM 0.03  0.01  0.17  0.68  0.27  

Verbal item STM + Visuospatial serial order STM + 

Visuospatial simultaneous STM 

0.05  0.01  0.16  0.63  0.30  

Verbal item STM 0.05  0.01  0.11  0.43  0.20  

8-year-old children 

Visuospatial serial order STM + Visuospatial simultaneous 

STM 

0.03  0.11  3.46  73.48  0.31  

Verbal serial order STM + Visuospatial serial order STM + 

Visuospatial simultaneous STM 

0.05  0.15  3.42  70.15  0.34  

Verbal serial order STM + Visuospatial simultaneous STM 0.03  0.06  1.89  42.23  0.30  

Visuospatial simultaneous STM 0.05  0.08  1.71  37.99  0.28  

Visuospatial serial order STM 0.05  0.08  1.67  37.19  0.28  

Verbal serial order STM + Verbal item STM + Visuospatial 

serial order STM + Visuospatial simultaneous STM 

0.20  0.27  1.49  31.13  0.34  

Verbal item STM + Visuospatial serial order STM + 

Visuospatial simultaneous STM 

0.05  0.07  1.37  30.84  0.32  

Verbal serial order STM + Verbal item STM + Visuospatial 

simultaneous STM 

0.05  0.05  1.04  23.82  0.32  

Verbal item STM + Visuospatial simultaneous STM 0.03  0.03  0.89  20.51  0.29  

Verbal serial order STM + Visuospatial serial order STM 0.03  0.03  0.86  19.78  0.29  

Verbal item STM + Visuospatial serial order STM 0.03  0.03  0.83  19.11  0.29  

Verbal item STM + Verbal serial order STM + Visuospatial 

serial order STM 

0.05  0.03  0.49  11.44  0.30  

Verbal item STM 0.05  0.00  0.07  1.56  0.21  

Null model (incl. Evip, Raven)  0.20  0.01  0.04  1.00  0.17  

Verbal item STM + Verbal serial order STM 0.03  0.00  0.04  0.90  0.22  

Verbal serial order STM 0.05  0.00  0.02  0.50  0.18  

 

The role of STM in specific mathematical abilities 

In order to examine in which kind of calculation process serial order STM may be 

particularly involved, we examined more deeply the links between STM measures and the 

different types of operations, such as addition, subtraction and multiplication. As shown in 

Table 4, the Bayesian partial correlation analyses on specific mathematical operations overall 

reproduced the pattern of associations observed for the main mathematical fluency score, with 

both verbal serial order and visuospatial simultaneous STM abilities being associated with all 



 
 

20 

 

mathematical operations in the 7-year-old group. For the 8-year-old group, both visuospatial 

STM measures were associated with additions and subtractions only; no STM mesure was 

reliably associated with multiplications.  

 

 

Table 4. Bayesian partial correlations between different calculation operations and STM 

abilities, controlling for non-verbal and verbal intellectual efficiency, as a function of age 

group. 

  Additions Subtractions Multiplications 

7-year-old 

children 

Verbal serial order 

STM 
r = .54  

BF10 = 282.77 

r = .45 

BF10 = 26.50 

r = .49 

BF10 = 69.43 

Verbal item STM r = .02 

BF10 = 0.19 

r = -.11 

BF10 = 0.24 

r = .13 

BF10 = 0.26 

Visuospatial serial 

order STM 

r = .29 

BF10 = 1.35 
r = .34 

BF10 = 3.02 

r = .23 

BF10 = 0.59 

Visuospatial 

simultaneous STM 
r = .41 

BF10 = 10.76 

r = .46 

BF10 = 36.90 

r = .40 

BF10 = 8.44 

8-year-old 

children 

Verbal serial order 

STM 

r = -.05 

BF10 = 0.14 

r = -.16 

BF10 = 0.35 

r = .07 

BF10 = 0.16 

Verbal item STM r = .32 

BF10 = 8.28 

r = .23 

BF10 = 0.94 

r = .06 

BF10 = 0.15 

Visuospatial serial 

order STM 
r = .40 

BF10 = 328.44 

r = .38 

BF10 = 130.07 

r = .14 

BF10 = 0.34 

Visuospatial 

simultaneous STM 
r = .37 

BF10 = 55.51 

r = .50 

BF10 = 10245.5 

r = .13 

BF10 = 0.28 

9-year-old 

children 

Verbal serial order 

STM 

r = -.02 

BF10 = 0.17 

r = -.05 

BF10 = 0.17 

r = .21 

BF10 = 0.43 

Verbal item STM  r = -.08 

BF10 = 0.20 

r = .05 

BF10 = 0.17 

r = .05 

BF10 = 0.17 

Visuospatial serial 

order STM 

r = -.08 

BF10 = 0.21 

r = -.06 

BF10 = 0.17 

r = -.06 

BF10 = 0.18 

Visuospatial 

simultaneous STM 

r = .17 

BF10 = 0.33 

r = .19 

BF10 = 0.33 

r = .25 

BF10 = 0.64 

 

 We examined the specificity of these associations by running Bayesian linear 

regressions on the different types of operations with the four STM predictors and by adding 

again intellectual efficiency estimated in the null model (see Table 5). For the 7-year-old 

group, we observed that the best model for each type of operation systematically included the 

verbal order STM measure. This suggests again a robust involvement of verbal order STM in 

mathematical learning at this age.  

Table 5. Bayesian regression analysis for the different operations in the 7-year-old group: 

analysis of models.  

Models P(M) P(M|data) BF M BF 10 R² 

Additions 
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Verbal serial order STM   0.05  0.31  8.62  41.59  0.35  

Verbal serial order STM  + Visuospatial simultaneous STM  0.03  0.11  3.49  21.47  0.36  

Verbal serial order STM  + Visuospatial serial order STM  0.03  0.10  3.08  19.18  0.36  

Verbal serial order STM  + Verbal item STM   0.03  0.08  2.56  16.21  0.35  

Verbal serial order STM  + Visuospatial simultaneous STM + 

Visuospatial serial order STM  

0.05  0.07  1.44  9.40  0.37  

Verbal serial order STM  + Verbal item STM  + Visuospatial 

simultaneous STM  

0.05  0.07  1.39  9.09  0.37  

Verbal serial order STM  + Verbal item STM  + Visuospatial 

serial order STM  

0.05  0.06  1.24  8.14  0.36  

Verbal serial order STM  + Verbal item STM  + Visuospatial 

simultaneous STM + Visuospatial serial order STM  

0.20  0.13  0.59  4.31  0.37  

Visuospatial simultaneous STM  0.05  0.02  0.30  2.04  0.21  

Visuospatial serial order STM  0.05  0.01  0.15  1.05  0.18  

Visuospatial simultaneous STM + Visuospatial serial order STM  0.03  0.01  0.16  1.09  0.22  

Null model (incl. Evip, Raven)  0.20  0.03  0.12  1.00  0.13  

Verbal item STM  + Visuospatial simultaneous STM  0.03  0.01  0.15  0.99  0.22  

Verbal item STM  + Visuospatial simultaneous STM + 

Visuospatial serial order STM  

0.05  0.00  0.08  0.57  0.23  

Verbal item STM   0.05  0.00  0.07  0.52  0.14  

Verbal item STM  + Visuospatial serial order STM  0.03  0.00  0.08  0.53  0.18  

Subtractions 

Verbal serial order STM   0.05  0.20  4.68  3.90  0.41  

Verbal serial order STM  + Visuospatial serial order STM  0.03  0.08  2.39  2.25  0.43  

Verbal serial order STM  + Visuospatial simultaneous STM  0.03  0.06  1.98  1.89  0.42  

Verbal serial order STM  + Verbal item STM   0.03  0.05  1.42  1.38  0.41  

Visuospatial simultaneous STM  0.05  0.06  1.20  1.18  0.36  

Visuospatial serial order STM  0.05  0.06  1.13  1.11  0.36  

Null model (incl. Evip, Raven)  0.20  0.20  1.02  1.00  0.31  

Verbal serial order STM  + Visuospatial simultaneous STM + 

Visuospatial serial order STM  

0.05  0.05  0.953  0.94  0.43  

Verbal serial order STM  + Verbal item STM  + Visuospatial 

serial order STM  

0.05  0.05  0.91  0.91  0.43  

Verbal serial order STM  + Verbal item STM  + Visuospatial 

simultaneous STM  

0.05  0.04  0.75  0.75  0.42  

Visuospatial simultaneous STM + Visuospatial serial order STM  0.03  0.02  0.66  0.65  0.38  

Verbal item STM  + Visuospatial simultaneous STM  0.03  0.02  0.43  0.44  0.36  

Verbal serial order STM  + Verbal item STM  + Visuospatial 

simultaneous STM + Visuospatial serial order STM  

0.20  0.08  0.37  0.42  0.43  

Verbal item STM  + Visuospatial serial order STM  0.03  0.01  0.41  0.42  0.36  

Verbal item STM   0.05  0.02  0.33  0.34  0.31  

Verbal item STM  + Visuospatial simultaneous STM + 

Visuospatial serial order STM  

0.05  0.01  0.26  0.27  0.38  

Multiplications 

Verbal serial order STM   0.05  0.22  5.40  14.83  0.31  

Verbal serial order STM  + Verbal item STM   0.03  0.10  3.280  10.22  0.33  

Verbal serial order STM  + Visuospatial simultaneous STM  0.03  0.09  2.69  8.52  0.32  

Verbal serial order STM  + Visuospatial serial order STM  0.03  0.06  1.86  6.07  0.31  

Verbal serial order STM  + Verbal item STM  + Visuospatial 

simultaneous STM  

0.05  0.09  1.86  5.97  0.34  

Verbal serial order STM  + Verbal item STM  + Visuospatial 

serial order STM  

0.05  0.07  1.35  4.43  0.33  

Verbal serial order STM  + Visuospatial simultaneous STM + 

Visuospatial serial order STM  

0.05  0.06  1.12  3.74  0.32  

Verbal serial order STM  + Verbal item STM  + Visuospatial 

simultaneous STM + Visuospatial serial order STM  

0.20  0.17  0.81  2.83  0.35  

Visuospatial simultaneous STM  0.05  0.03  0.55  1.89  0.21  

Verbal item STM  + Visuospatial simultaneous STM  0.03  0.02  0.45  1.54  0.24  
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Null model (incl. Evip, Raven)  0.20  0.06  0.25  1.00  0.12  

Verbal item STM   0.05  0.01  0.27  0.94  0.17  

Visuospatial simultaneous STM + Visuospatial serial order STM  0.03  0.01  0.25  0.86  0.21  

Verbal item STM  + Visuospatial simultaneous STM + 

Visuospatial serial order STM  

0.05  0.01  0.21  0.74  0.24  

Visuospatial serial order STM  0.05  0.01  0.19  0.66  0.15  

Verbal item STM  + Visuospatial serial order STM  0.03  0.01  0.17  0.58  0.18  

 

For the 8-year-old group, the best and most parcimonious model to be retained for 

addition operations was the model including the visuospatial serial order STM measure only; 

although there were more complex models with higher BF10 values, these models were less 

than 3 times more likely than the most parcimonious model which thus should be retained 

(see Table 6). For subtractions, the best and most parcimonious included the visuospatial 

simultaneous STM measure but also the verbal serial order STM task (see Table 6). The latter 

result is suprising given that the verbal serial order STM task was not reliably associated with 

subtraction performance in the preceding Bayesian partial correlation analysis (see Table 4). 

The 95% credible interval for the regression coefficient of the verbal serial order STM 

predictor was however [-0.12 – 0.00] indicating that this predictor was not reliable. In sum, 

while the verbal serial order STM measure was associated with all mathematical operations in 

7-year-old children, in 8-year-old children, it was the visuospatial serial order STM measure 

that predicted addition abilities and the visuospatial simultaneous STM measure that predicted 

substration abilities. 

Table 6. Bayesian regression analysis for the different operations in the 8-year-old group: 

analysis of models  

Models P(M) P(M|data) BF M BF 10 R² 

Additions 

      

Verbal item STM + Visuospatial serial order 

STM 

0.03  0.10  3.27  221.77  0.32  

Verbal item STM + Visuospatial serial order 

STM + Visuospatial simultaneous STM 

0.05  0.13  2.74  183.76  0.34  

Visuospatial serial order STM + Visuospatial 

simultaneous STM 

0.03  0.08  2.44  169.36  0.31  

Visuospatial serial order STM 0.05  0.10  2.14  147.35  0.28  

Verbal serial order STM + Verbal item STM + 

Visuospatial serial order STM + Visuospatial 

simultaneous STM 

0.20  0.33  1.96  119.67  0.35  

Verbal serial order STM + Visuospatial serial 

order STM + Visuospatial simultaneous STM 

0.05  0.07  1.47  104.48  0.33  
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Verbal serial order STM + Verbal item STM + 

Visuospatial serial order STM 

0.05  0.07  1.43  101.94  0.33  

Verbal serial order STM + Visuospatial serial 

order STM 

0.03  0.03  0.83  60.66  0.29  

Verbal item STM + Visuospatial simultaneous 

STM 

0.03  0.03  0.79  58.02  0.29  

Verbal serial order STM + Verbal item STM + 

Visuospatial simultaneous STM 

0.05  0.03  0.59  43.82  0.31  

Visuospatial simultaneous STM 0.05  0.02  0.37  28.12  0.25  

Verbal serial order STM + Visuospatial 

simultaneous STM 

0.03  0.01  0.28  20.70  0.27  

Verbal item STM 0.05  0.01  0.12  8.91  0.23  

Verbal serial order STM + Verbal item STM 0.03  0.00  0.05  4.06  0.23  

Null model (incl. Evip, Raven)  0.20  0.00  0.01  1.00  0.15  

Verbal serial order STM 0.05  2.86e -4  0.01  0.42  0.15  

Subtractions 

Verbal serial order STM + Visuospatial 

simultaneous STM + Visuospatial serial order 

STM 

0.05  0.27  6.99  39855.03  0.44  

Verbal serial order STM + Visuospatial 

simultaneous STM  

0.03  0.23  8.66  51140.76  0.42  

Verbal serial order STM + Verbal item STM + 

Visuospatial simultaneous STM 

0.05  0.12  2.58  17698.64  0.43  

Verbal serial order STM + Verbal item STM + 

Visuospatial serial order STM + Visuospatial 

simultaneous STM 

0.20  0.34  2.07  12637.29  0.44  

Visuospatial simultaneous STM 0.05  0.02  0.34  2605.28  0.35  

Visuospatial simultaneous STM + 

Visuospatial serial order STM 

0.03  0.01  0.34  2598.92  0.37  

Verbal item STM + Visuospatial simultaneous 

STM 

0.03  0.00  0.12  917.99  0.35  

Verbal item STM + Visuospatial serial order 

STM + Visuospatial simultaneous STM 

0.05  0.01  0.11  831.38  0.38  

Verbal serial order STM + Visuospatial serial 

order STM 

0.03  5.47e -4  0.02  121.70  0.32  

Verbal item STM + Verbal serial order STM + 

Visuospatial serial order STM 

0.05  4.19e -4  0.01  62.04  0.33  

Visuospatial serial order STM 0.05  3.95e -4  0.01  58.52  0.28  

Verbal item STM + Visuospatial serial order 

STM 

0.03  1.20e -4  0.00  26.59  0.29  

Verbal item STM + Verbal serial order STM 0.03  1.20e -5  3.47e -4  2.66  0.23  

Verbal serial order STM 0.05  1.08e -5  2.05e -4  1.60  0.20  

Verbal item STM 0.05  9.23e -6  1.75e -4  1.37  0.19  

Null model (incl. Evip, Raven)  0.20  2.70e -5  1.08e -4  1.000  0.16 

 

Discussion 

 

The aim of this study was to disentangle the specific roles of verbal and visuospatial 

STM in mathematical abilities, with a further focus on serial order aspects of STM which 

have been recently associated with arithmetic skills. Our results demonstrated that serial order 

STM abilities in the verbal domain specifically predicted mathematical abilities in 7-year-old 

children, and this for all mathematical operations under investigation. In the visuospatial 
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domain, both simultaneous and serial order STM tasks predicted mathematical fluency score 

in 8-year-old children, with the serial order task predicting additions, and the simultaneous 

task predicting subtractions. In 9-year-old children, no link with mathematical abilities was 

observed anymore for any STM measure. 

On the one hand, these data replicate previous results of a specific link between verbal 

serial order STM and mathematical abilities (Attout et al., 2014; O’Connor et al., 2018). 

Importantly these data indicate that this link mainly characterizes the early stages of 

mathematical acquisition as in the present study this link is not observed in children aged 8 

years or more. Previous studies observing a link between verbal serial order STM and 

mathematical abilities or mathematical precursors (e.g., counting abilities) also focused on 

young children, aged between 5 and 7 years (Attout et al., 2014; O’Connor et al., 2018). 

Although some studies observed a deficit in verbal serial order STM abilities in older children 

with mathematical learning abilities (Attout & Majerus, 2014; De Visscher et al., 2015; 

Morsanyi et al., 2018), no study so far explored this link by focusing on older typically 

developing children. One study investigated this relationship in adults and also failed to find a 

significant link between verbal serial order STM and mathematical abilities at this age 

(Sasanguie et al., 2017). This result of verbal serial order STM being mainly associated with 

early mathematical acquisition also mirrors findings from other domains. Studies assessing 

the association between serial order STM abilities and oral as well written lexical 

development have also observed that serial order STM abilities are most strongly associated 

with early vocabulary and reading acquisition (Attout, Grégoire, et al., 2020; Gupta, 2003; 

Majerus, Poncelet, Greffe, et al., 2006; Martinez Perez et al., 2012; Ordonez Magro et al., 

2018, 2020). In the mathematical domain, a similar interpretation could be forwarded, as early 

mathematical abilities such as first mental calculation or recitation of the number chain also 

strongly require sequential storage. During mental calculation, the digits and operands have to 
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be maintained, but, critically, the order of the numbers relative to their position in the number 

chain has to be coactivated in WM during the addition process. To add 2 to 4, the child needs 

to activate the fourth position of the number chain in WM, then go forward by two more 

positions and then stop when reaching the sixth position, update this position in WM and 

output the final result. The same reasoning applies for subtractions can in some extent be 

applied for multiplications since these last operations are typically solved at this age by 

repeated additions (2 x 3 is resolved as 3 + 3) (Lemaire & Siegler, 1995). Therefore, the link 

between serial order WM and numerical processing can be conceptualized as follows: serial 

order WM is linked to calculation abilities given the intrinsically sequential nature of 

numerical abilities and the need to temporarily maintain this sequential information during 

different arithmetic tasks (see also Attout et al. 2014, 2015; Attout and Majerus 2018). 

The present study is also in agreement with previous studies that observed a link 

between visuospatial STM and mathematical abilities, but, importantly, the present study 

demonstrates that this link characterizes children in the 8-year-old group. Many previous 

cross-sectional and longitudinal studies showed a link between visuospatial WM abilities and 

mathematical abilities in younger children (De Smedt et al., 2009, for 6-year-old children; 

McKenzie et al., 2003 at 6-7 years old; Rasmussen & Bisanz, 2005 at 5 years old; Cornu, 

Hornung, Schiltz, & Martin, 2017 at 5-6 years old). But these studies did not control for 

verbal serial order WM abilities. We observed indeed a link between visuospatial STM 

abilities and calculation in the 7-year-old group, but this association was not robust anymore 

once the role of verbal serial order STM has been accounted for. This was different for the 8-

year-old group, where visuospatial STM measures were the most robust predictors of 

mathematical abilities, even after taking into account verbal serial order STM abilities. This 

result is in line with other studies arguing for an important role of visuospatial WM abilities in 

the mathematical abilities at this age (Holmes & Adams, 2006; Holmes et al., 2008; Meyer et 
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al., 2010). These authors proposed that children at this age built concrete, object-based mental 

representations of the mathematical operation to be carried out, and the maintenance of these 

representations requires a visuospatial workspace provided by visuospatial WM. To the 

opposite, these authors suggest that younger children would mainly use verbal counting 

strategies by scanning and re-scanning the numerical chain instead of forming an object-based 

representation of the mathematical operation to be carried out. This is supported by a recent 

study showing that verbal recall performance for numbers presented in numerical order in 

young children (from 3 to 6 years old) predicts a unique amount of variance in counting skills 

(Van Rinsveld et al., 2020). In the same line, the spatial arrangement of the cards involved in 

the response phase for the verbal serial order STM tasks may also involve visuospatial 

ordering processes. Furthermore, spatial coding has been proposed as a mechanism involved 

in coding auditory sequential information (van Dijck & Fias, 2011). This being said, the 

pattern of results we obtained is not fully consistent with this interpretation. Indeed, the verbal 

serial order STM task remained a specific predictor of calculation abilities after introduction 

of the visuospatial STM tasks, indicating a more specific contribution of verbal serial order 

STM abilities to calculation abilities. Finally, for the oldest age group, no association with 

arithmetical abilities was observed in the present study, either for the visuospatial or the 

verbal STM tasks. Most previous studies observing such an association in older children used 

a larger variety of mathematical measures not restricted to arithmetic operations, making a 

direct comparison with our data difficult (see for example, Berg, 2008; Li & Geary, 2013; 

Szűcs et al., 2014). It should however also be noted that the link between WM and 

mathematical abilities tends to decrease with increasing age: In a meta-analysis based on 55 

studies, Friso-van den Bos et al. (2013) observed that the chronological age of the study 

samples was negatively related to the effect size of the association between visuospatial WM 

and mathematical abilities (see also Van de Weijer-Bergsma et al., 2015). Moreover, we 
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should note that the arithmetic operations used in this study may start to get automatized in 9-

year-old children and hence may not require anymore an object-based representation of the 

arithmetic problem in visuospatial WM.  

Contrary to our hypothesis, the visuospatial serial order STM did not make a stronger 

or more specific contribution to mathematical abilities as compared to the visuospatial 

simultaneous STM task for the 8-year-old group of children. This result is consistent with a 

previous study focusing on children with specific mathematical learning disabilities 

(Mammarella et al., 2018) observing impairment for both simultaneous and serial order 

aspects of visuospatial WM. This is also in line with conclusions from a recent systematic 

review (Allen et al., 2019), showing that these two aspects of visuospatial WM do not lead to 

reliable differences as concerns their link with mathematical abilities. A possible 

interpretation of this more general involvement of visuospatial WM in mathematical abilities 

could be that it is precisely the visuospatial component, and not the sequential vs. 

simultaneous retention processes, which explains the link with mathematical abilities. This is 

in line with the idea that a concrete, object-based mental representations of the mathematical 

operation could require a visuospatial workspace to maintain temporarily the information 

should be provided by general visuospatial WM abilities. However, when analyzing 

mathematical abilities in a more detailed manner, some specificities were nevertheless 

observed, with the visuospatial serial order STM task predicting addition operations and the 

visuospatial simultaneous STM task predicting subtractions. These results suggest that the 

serial order visuo-spatial STM component may be particularly important for additions which 

could be solved by sequentially adding to the visuospatial workspace the number of objects 

involved in the addition problem. However, for subtracting a certain amount of elements to a 

set of objects, the large set may be represented as a whole in the visuospatial workspace from 

which the number objects to be substracted is then removed, requiring a simultaneous 



 
 

28 

 

representation of both the large and the small sets. Future studies are needed for determining 

the validity of this interpretation. 

We should also note that our results are limited to maintenance aspects of verbal and 

visuospatial WM as our tasks did not involve explicit manipulation of stored information. 

Many previous studies demonstrated a robust link between mathematical abilities and WM 

tasks with a strong executive processing load, in both verbal and visuo-spatial domains (see 

for a review Allen, Higgins, & Adams, 2019; Peng, Namkung, & Barnes, 2016; Raghubar, 

Barnes, & Hecht, 2010). We currently do not know whether this link is driven exclusively by 

the executive demands of these tasks or whether this link also reflects the involvement of 

serial order storage (and processing) aspects of the tasks used in these studies. However, 

recent meta-analyses indicate that executive demands in WM tasks are a robust predictor of 

mathematical abilities independently of the type of information to be maintained and 

manipulated in the WM tasks (see for a review Allen, Higgins, & Adams, 2019; Peng, 

Namkung, & Barnes, 2016; Raghubar, Barnes, & Hecht, 2010). Hence, an item-order 

dissociation may not be expected when predicting mathematical abilities with storage-and-

processing type of WM tasks. 

It is also important to note that our tasks were not perfectly matched in terms of load. 

First, our result could be explained by a higher memory load involved in serial order storage. 

Second, the two verbal tasks did not match given that only one (but complex and unfamiliar) 

item had to be maintained in the item task while multiple serial positions had to be maintained 

in the serial order task. Our tasks were designed to take these problems into account each task 

deliberately maximizing only one of the components and minimized the other components, as 

far as possible. Neuroimaging studies have also shown that item and serial order WM tasks 

constructed according to this principle engage attentional and executive control networks to a 

similar extent (Majerus et al., 2010; Majerus, Poncelet, Van der Linden, et al., 2006). 
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Similarly, with a dual-list encoding method crossing item and order encoding requirements, 

Guitard et al. (2021) showed no cross-list interference when each list focused on the 

reconstruction of a different type information (item vs. order). This suggests that item and 

order information are encoded by independent WM components and that these components 

can be measured in selective manner. At the same time, we agree that overall, WM load 

nevertheless differed for the verbal item and serial order STM tasks given that only one (but 

complex and unfamiliar) item had to be maintained in the item task while multiple serial 

positions had to be maintained in the serial order task. It is important to underline that the goal 

of the item WM task was primarily to check the maintenance and the processing of 

phonological/visuospatial information and not to control the load of the serial order task. 

Moreover, a regression analysis including all STM tasks as regressors on mathematical scores 

showed that the verbal serial order STM task but not the two visuospatial STM tasks was both 

a general and a specific predictor of numerical abilities in 7-year-old children, ruling out load 

as the explanatory factor of the association between the serial order STM task and numerical 

abilities. Indeed, if load was to explain the association, then the visuospatial STM tasks, 

which have very similar load requirements as the verbal serial order STM task, should have 

shown the same pattern of association with mathematical abilities, which was not the case. 

Furthermore, the opposite situation was observed in 8-year-old children, with this time the 

visuospatial STM but not the serial order STM tasks showing both a general and a specific 

association with numerical abilities. 

To conclude, our data demonstrate that serial order STM is specifically involved in 

mathematical abilities, but this only for verbal STM aspects and in younger children who just 

started mathematical acquisition and who still strongly rely on verbal counting strategies. In 

8-year children, a more important role for visuospatial STM abilities is observed, for both 

serial order and simultaneous aspects, potentially reflecting the fact that in this slightly older 
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children group mathematical problems are increasingly solved using object-based, concrete 

representations of the numerical quantities in a visuospatial workspace. This workspace could 

be used in a more sequential or simultaneous manner depending on the type of mathematical 

operations. No association between arithmetic abilities and the different STM aspects studied 

here was observed in older children but future studies need to re-explore this association in 

this age group as it may depend on the complexity of the mathematical abilities being 

assessed. 
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