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Abstract17

Theories of working memory often disagree on the relationships between processing and18

storage, particularly on how heavily they rely on an attention-based limited resource. Some19

posit separation and specialization of resources resulting in minimal interference to memory20

when completing an ongoing processing task, while others argue for a greater overlap in the21

resources involved in concurrent tasks. Here we present four experiments that investigated22

the presence or absence of dual-task costs for memory and processing. The experiments were23

carried in an adversarial collaboration in which researchers from three opposing theories24

collaboratively designed a set of experiments and provided differential predictions in line25

with each of their models. Participants performed delayed recall of aurally and visually26

presented letters, and an arithmetic verification task either as single-tasks or with the27

arithmetic verification task between presentation and recall of letter sequences. Single- and28

dual-task conditions were completed with and without concurrent articulatory suppression.29

A consistent pattern of dual-task and suppression costs was observed for memory, with30

smaller or null effects on processing. The observed data did not fit perfectly with any one31

framework, with each model having partial success in predicting data patterns. Implications32

for each of the models are discussed, with an aim for future research to investigate whether33

some combination of the models and their assumptions can provide a more comprehensive34

interpretation of the pattern of effects observed here and in relevant previous studies35

associated with each theoretical framework.36

Keywords: Working Memory, Dual-Task, Multiple-Component, TBRS, Embedded37

Processes, Adversarial Collaboration38
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Dual-task costs in working memory: An adversarial collaboration40

Introduction41

The term ‘working memory’ refers to the process or collection of processes responsible42

for the complex cognitive co-ordination necessary for everyday human thoughts and actions.43

Researchers generally agree about the importance of working memory for human cognition.44

There is also general agreement that it supports the ready availability of a small amount of45

information in support of current tasks, and has a key role in updating and processing that46

information moment to moment (e.g. Cowan, 2017; Logie & Cowan, 2015). However, there47

are multiple different definitions of working memory (see Cowan, 2017 for a discussion), and48

each definition gives rise to different theoretical assumptions and different experimental49

paradigms designed to test those assumptions. Contrasting results across labs might then50

reflect the specific experimental paradigms adopted, and theoretical debates may be based51

on differences that are more apparent than real (Logie, 2011). Rarely do researchers who52

assume different definitions of working memory adopt the exact same paradigm to directly53

test their contrasting predictions.54

We present four experiments that addressed the debate about what limits the capacity55

of working memory to undertake both memory maintenance and ongoing processing. Unlike56

most studies in this area, the experiments were carried out across different labs within an57

‘adversarial collaboration’ in which the co-authors agreed on a common experimental58

paradigm to test predictions from their contrasting, and well-established theoretical59

frameworks for working memory. The experiments described here are part of a larger project60

referred to as ‘WoMAAC’, or ‘Working memory across the adult lifespan: An adversarial61

collaboration’ (https://womaac.psy.ed.ac.uk). Specifically, these frameworks are referred to62

as the ‘Multiple Component Model’ (Baddeley & Logie, 1999; Logie, 2011, 2016),63

‘Time-Based Resource Sharing’ (Barrouillet & Camos, 2010, 2015), and ‘Embedded Processes’64

https://womaac.psy.ed.ac.uk
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(Cowan, 1999, 2005). This approach allows a more direct test of the different predictions65

than is possible across different studies, with the aim of contributing new insights, both66

theoretically and empirically, to this important area of cognition. First, we give an overview67

of each of the three theoretical frameworks that motivated our experiments, and then go on68

to describe the expectations from each for the series of experiments that follow. All of the69

predictions from each theory, and the experimental methods, were preregistered on the Open70

Science Framework (OSF, project page: https://bit.ly/2KTKMgb).71

Multiple Component Model (MCM)72

The MCM assumes a co-ordinated system of specialized cognitive resources serving73

specific functions in on-line cognition. The model specifies separate components for storage74

and processing, with distinct stores based on modality-specific codes that need not match75

the modality of presentation. For example, words may be stored as visual codes or as76

phonological or semantic codes, regardless of whether they are presented visually or aurally,77

and non-verbal stimuli such as shapes and colors may be stored as visual codes or as78

phonological or semantic codes for the associated names. Originally (Baddeley, 1986;79

Baddeley & Hitch, 1974) a central executive was proposed as a domain-general processing80

and control mechanism, but subsequently (Baddeley, 1996; Logie, 2016) a number of81

separate executive functions were proposed such as inhibition, updating, task-switching82

(Miyake et al., 2000), dual-tasking (Logie, Cocchini, Della Sala, & Baddeley, 2004;83

MacPherson, Della Sala, Logie, & Wilcock, 2007), and the manipulation of mental images84

(Borst, Niven, & Logie, 2012; Van Der Meulen, Logie, & Della Sala, 2009). Executive85

functions have therefore been suggested to be emergent properties of the interaction between86

these multiple functions (Logie, 2011, 2016).87

The phonological loop has been proposed as a temporary store for serial ordered88

phonological codes (e.g. Baddeley, 1992). Items stored within the phonological loop are said89

https://bit.ly/2KTKMgb
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to be vulnerable to interference amongst themselves due to phonological similarity (Conrad90

& Hull, 1964) and interference from asking participants to repeat aloud an irrelevant word91

(e.g. the-the-the) while encoding or retaining verbal sequences (a technique known as92

articulatory suppression, AS), as well as from presentation of irrelevant speech (Salamé &93

Baddeley, 1982). While the limited capacity store can maintain small list lengths without94

any attentional cost, the MCM also proposes a separate subvocal rehearsal mechanism that95

can ‘boost’ performance. Maintenance of longer lists through subvocal rehearsal has been96

found to be affected by a number of temporal factors, such as the length of words in a97

sequence and individual reading and speech rates (Baddeley, Thomson, & Buchanan, 1975;98

Hulme, Thomson, Muir, & Lawrence, 1984), although some recent studies have debated this99

issue (Guitard & Tolan, in press; Jalbert, Neath, Bireta, & Surprenant, 2011; Oberauer,100

Farrell, Jarrold, & Lewandowsky, 2016). The links between memory performance and101

phonological characteristics of the to-be-remembered items are therefore argued as evidence102

for a specific verbal store. Additional evidence has come from studies of brain damaged103

individuals who appear to have very specific impairments of short-term retention of104

phonological sequences (Shallice & Warrington, 1970; Vallar & Baddeley, 1984).105

The visual cache is said to store an array of visual items or a single visual item that106

may vary in complexity (Logie, 1995, 2003, 2011). The broader concept of visuospatial107

working memory is assumed to comprise separable resources and mechanisms dedicated to108

visual and spatial information (Logie, 2011; Logie & Marchetti, 1991; Logie & Pearson,109

1997). Evidence for separate visual and spatial components also comes from the finding that110

spatial and visual memory spans increase at different rates with age during childhood, and111

are poorly correlated within age groups (Logie & Pearson, 1997).112

While separate stores for verbal and visuospatial material are assumed by the MCM,113

the theory also states that material is often recoded for storage in other formats. For114

example, evidence that verbal material is represented in memory in the form of the visual115
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appearance of the letters comes from the presence of visual similarity effects in serial written116

recall for visually presented verbal materials (Logie, Della Sala, Wynn, & Baddeley, 2000;117

Logie, Saito, Morita, Varma, & Norris, 2016; Saito, Logie, Morita, & Law, 2008), and other118

evidence has pointed to the use of verbal labels for abstract visual patterns (Brown &119

Wesley, 2013). MCM also assumes that different participants may approach tasks in multiple120

different ways that may not include phonological or visuospatial rehearsal mechanisms, using121

strategies such as employing mnemonics for remembering lists of words (Logie, Della Sala,122

Laiacona, Chalmers, & Wynn, 1996). In sum, working memory is viewed as a set of mental123

tools that can be applied in different combinations to support task performance, and the124

same task may be performed in different ways depending on which combination of working125

memory components are deployed.126

The structure of working memory proposed by the MCM assumes a separation of127

processing and storage functions. In their seminal paper Baddeley and Hitch (1974)128

investigated the effect of concurrent memory load on processing tasks (e.g. sentence129

verification/comprehension, logical statement verification), and found that dual-task costs to130

processing were only observed at longer list lengths, and that greater interference effects than131

those observed should be expected if both storage and processing relied on a single limited132

resource. This argument has been made in a number of subsequent studies citing small or133

null effects as evidence for separate resources for each type of task (e.g. Doherty & Logie,134

2016; Duff & Logie, 1999, 2001). Evidence for the separation of memory and processing is135

further provided by reports of low correlations between measures of memory span and136

measures of processing span (e.g. Daneman & Hannon, 2007; Logie & Duff, 2007; Waters &137

Caplan, 1996). Neuropsychological studies have also been used to argue for a dual-tasking138

ability based on co-ordination of multiple components; for example Logie et al. (2004;139

MacPherson et al., 2007) identified a specific dual-task deficit in Alzheimer’s patients that140

was not present in younger and older healthy controls. A key feature of dual-tasking studies141

within the MCM framework is that the cognitive demand of each task is adjusted (titrated)142
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to the ability each individual participant, and this measured single-task ability is used to set143

the demand level both when performing each task on its own and when performing the two144

tasks together. This is done to ensure that any dual-task effect can be attributed specifically145

to the dual-task condition, and not because the individual-tasks were simply set at too high146

a level for the participant (for a more detailed discussion, see Logie et al., 2004).147

Time-Based Resource Sharing (TBRS) Model148

The TBRS model assumes that both functions of working memory, processing and149

storage, rely in part on a shared, general-purpose, limited capacity attentional resource.150

Because a central bottleneck constrains cognitive operations to take place one at a time,151

when attention is occupied by processing it is no longer available for maintaining memory152

traces and so these traces suffer from temporal decay and interference. However, decayed153

memory traces may be restored through attentional refreshing when attention is available154

during pauses in processing. While temporary verbal memory can be bolstered by subvocal155

rehearsal in a phonological loop, performance is highly dependent on access to the focus of156

attention. The empirical basis for the theory is a number of observations of how the demand157

of a secondary processing task is inversely correlated with memory performance in a158

dual-task complex span paradigm (see Barrouillet & Camos, 2015 for a review). This159

attentional demand of a processing task is discussed in terms of its ‘cognitive load’, which160

refers to the proportion of time the processing task captures attention and therefore diverts161

the focus away from maintenance of temporary memory traces. Crucially, the TBRS model162

differentiates itself from pure decay-based theories of short-term forgetting in stating that it163

is not the overall duration of the processing component that matters but rather how much164

time between processing items is available for maintaining the representations of the165

memoranda.166

TBRS research has demonstrated how cognitive load can be increased by increasing167
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the number of retrievals from long-term memory (or the number of responses required by a168

secondary task), increasing the time taken to respond to each item of a distractor task, and169

decreasing the time of the processing period while keeping other factors constant (resulting170

in a smaller proportion of the time being available to refresh memory traces). These171

manipulations all result in higher cognitive load and thus poorer memory performance (e.g.172

Barrouillet, Bernardin, & Camos, 2004; Barrouillet, Bernardin, Portrat, Vergauwe, & Camos,173

2007).174

Attentional refreshing, the specific process that is interrupted by high cognitive load175

tasks, is described as separate from the sub-vocal rehearsal that is assumed to take place in176

the phonological loop (for reviews see Camos, Lagner, & Barrouillet, 2009; Camos, Lagner,177

& Loaiza, 2017). Supporting evidence from brain imaging studies shows different activation178

patterns for each form of maintenance (Raye, Johnson, Mitchell, Greene, & Johnson, 2007;179

Trost & Gruber, 2012). The TBRS model states that refreshing can be actively or passively180

engaged depending on whether sub-vocal rehearsal is available or effective given task181

parameters or indeed whether participants are instructed to rehearse or refresh (Camos,182

Mora, & Oberauer, 2011). In the same way as processing prevents refreshing, refreshing183

activities postpone processing, as Vergauwe, Camos, and Barrouillet (2014) observed a184

slowing of processing task responses with increasing memory loads (see also Chen & Cowan,185

2009). It is important to note that this effect occurs only when the phonological loop is186

unavailable (e.g. under articulatory suppression) or when its capacity is exceeded.187

Importantly, the same study by Vergauwe et al. (2014) provided evidence that, contrary to188

verbal information for which a domain-specific storage system exists (i.e. the phonological189

loop), visuospatial information is not maintained by any domain-specific storage system and190

so its maintenance relies entirely on attention (C. C. Morey & Bieler, 2013; see also C. C.191

Morey, Morey, Reijden, & Holweg, 2013).192
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Embedded Processes (EP)193

The EP model, in its iterations over the years, has been developed to account for a194

wide range of empirical findings within a single framework (Cowan, 1988, 1999, 2005, 2008,195

2016). According to the model, a subset of features from environmental stimuli and past196

events associated with present thoughts are temporarily activated within long-term memory197

(LTM). This embedded subset of information then enjoys an heightened state of activation198

while remaining vulnerable to time-based decay and similarity-based interference. A subset199

of the activated features can be made further salient and integrated into coherent objects200

and scenes when placed under the focus of attention, which allows a deeper semantic analysis201

of stimuli. The focus of attention is said to be limited to somewhere between three and five202

representational units (Cowan, Chen, & Rouder, 2004), which may be single-featured items203

or ‘chunked’ items with multiple features (e.g. shape, colour, location, orientation) (Cowan,204

2005).205

The embedded processes model assumes a limited-capacity domain-general central206

attentional controller (Cowan, 1999). Its role is to supervise covert processes that serve to207

maintain information over time by reactivating decaying memory representations via208

subvocal rehearsal, as well as by activation by way of the focus of attention. These activation209

procedures have been found to have an observable cost to processing tasks within a dual-task210

paradigm, such as drop in accuracy on non-verbal choice reaction time tasks with increasing211

concurrent verbal memory load (Chen & Cowan, 2009).212

Temporary information in working memory is therefore represented within this213

hierarchical system. LTM representations are initially activated by incoming stimuli and214

information is then further activated within the focus of attention where it must be215

maintained. Once information leaves the focus of attention it begins to decay, and this decay216

can only be combated by reactivation within the focus of attention or through subvocal217
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rehearsal. Although items represented within activated-LTM memory are partially protected218

from decay, interference between items can occur based on overlapping features between219

individual items.220

Comparisons between the theoretical views221

In the present work the three theoretical views we have described were compared in222

terms of the effects of processing on storage and vice versa, in a dual-task setting in which a223

verbal recall task is combined with processing in a different domain. A conundrum that must224

be appreciated in order to understand our approach is that all three of the views are capable225

of predicting interference between tasks under some circumstances. In the MCM approach, if226

the capacity of verbal storage is reached, additional items can be saved by recoding the227

information in visuo-spatial terms (or semantic representations), at the expense of228

visuo-spatial or semantic aspects of processing. In the TBRS approach, any attention needed229

for processing conflicts with attention needed for refreshing of the items to be retained.230

Finally, in the EP approach, the limited capacity of the focus of attention must be shared231

between items to be remembered and the goals, procedures, and data for processing. Given232

this convergence between approaches, a comparison of the models depends on more specific233

predictions and suppositions related to the experimental tasks.234

The detailed predictions from the three theoretical frameworks will be presented after235

the task methods. Crucially, these methods incorporate key features that were intended to236

avoid some procedural differences across labs that might have given rise to contrasting237

results between testing sites. One aspect of working memory that is widely accepted is that238

its capacity varies from one individual to another, even if there are debates about how that239

individual variability should be measured. However, in many studies in which working240

memory load is manipulated, the task demands in different conditions are the same for all241

participants. This means that for someone with a high working memory capacity, an242
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experimental manipulation intended to impose a high cognitive load, might, for them,243

actually be a low load relative to their capacity. Conversely, for someone with a low working244

memory capacity, what is deemed to be a low cognitive load in an experiment might, for this245

individual, effectively be a high cognitive load. By averaging the results across participants,246

in one lab that happens to recruit high capacity individuals, they might observe little or no247

effect of increasing the load of a single-task, or of requiring a processing task to be performed248

while retaining a memory load. In labs that happen to recruit lower capacity individuals,249

there will be very clear effects observed for cognitive load and of dual-task manipulations.250

We addressed this possible sampling error in two ways. One was to run each experiment in251

parallel in two independent labs that have previously reported contrasting results, and to use252

identical equipment and software to rule out subtle, but potentially important differences253

between labs. More importantly, in all experiments we measured the memory span and254

processing span for each participant. Then the memory load without and with a processing255

task was set at the span-level for each participant. Likewise, the processing load without and256

with a memory load was set at the level of the processing span for each participant. This257

process of adjusting, or titrating, cognitive demand according to the span of each participant258

is commonly used by labs that work within the MCM framework (e.g. Doherty & Logie,259

2016), but tends not to be adopted by other labs.260

A second important procedural detail is the extent to which trade-offs between memory261

and processing arise because of input and output conflicts when the two tasks are performed262

concurrently, or incompatibility between input modalities or output modalities, rather than263

because they require overlapping cognitive resources. Two tasks might mutually interfere264

because they both involve visual input, or both require an oral or keypress response. So,265

presenting verbal material visually and requiring an oral response, or presenting verbal266

material aurally and requiring a written response will require more cognitive operations than267

if the input and output modalities are more compatible, i.e. aural input and oral response or268

visual input and written/typed response. We can avoid input and output conflicts by using a269
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memory preload, with the processing task performed during the retention interval. Again,270

the extent to which these procedural details are considered varies across laboratories.271

Therefore in our experiments we avoid these potential artefacts by contrasting conditions in272

which there is aural presentation and oral recall of verbal memoranda with visual273

presentation and typed recall of these memoranda, without and with a visually presented274

processing task with a speeded single keypress response during a retention interval. This is275

illustrated in Figure 1.276

Finally, when comparing single- and dual-task conditions, in some experiments, the277

single-task conditions always come first, or the order of single- and dual-tasks is278

counterbalanced across participants. The former approach could lead to practice effects on279

the tasks that could reduce the potential impact of requiring dual-task performance. The280

latter approach could lead to half of the participants showing a dual-task trade-off, because281

of unfamiliarity with each task and with performing two tasks together when the dual-task282

condition comes first, and the other half showing no such trade-off. We avoided these283

potential problems by requiring single-task performance before and after the dual-task284

condition. Comparing before and after single-task allowed an assessment of whether practice285

effects were evident in the tasks being combined. Also, the procedure for assessing span on286

each task acted to familiarize participants with each task before assessing single- and287

dual-task performance, and this should help to reduce the impact of task practice. In all of288

the experiments reported here we observed either null or small practice effects between the289

first and second single-task blocks, but crucially these practice effects did not change the290

observed patterns of statistically significant dual-task effects. For this reason the results of291

these analyses of practice effects are reported in the supplementary materials.292
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Overview of experiments293

In the current paper we present the results of four experiments with young adults.294

These experiments were designed to address differences among the assumptions and295

associated predictions from the three theoretical frameworks regarding whether or how the296

combination of processing and remembering affects performance of each relative to when297

they are each performed on their own. The theories also predict different effects of AS on298

visually or aurally presented verbal memory stimuli due to differences in the number of299

components or subsystems each framework contains.300

In all of the experiments reported here, the focus was on how processing during a301

memory retention interval affects, or is affected by, serial ordered recall of a verbal memory302

preload when both the memory load and the processing load are set at the measured span303

(titrated) for each individual. The memory task involved presentation of a random letter304

sequence, followed by a blank retention interval (single-task) or a processing task (dual-task),305

then serial ordered recall of the letter sequence. The processing task involved speeded306

verification of simple arithmetic. The materials for each task were chosen to be compatible307

with testing English-speaking (UK), and French speaking (Switzerland, CH) participants.308

The tasks were performed without or with AS, for reasons given below in the predictions309

from each theoretical framework. In line with our discussion above about possible procedural310

artefacts, in Experiments 1 and 3 the memory list was presented visually and recall311

responses were typed on the computer keyboard. In Experiments 2 and 4, the memory list312

was presented aurally and participants recalled the list orally. In Experiments 1 and 2,313

titration of span was carried out without AS, while it was carried out under AS in314

Experiments 3 and 4. For each experiment we tested differential predictions from each of the315

three theoretical frameworks.316
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Experiment 1317

The starkest contrast between the theories is MCM’s assumption that, with healthy318

adults, storage and processing can occur in parallel with little to no effect on performance in319

either task (e.g. Logie & Duff, 2007) particularly if tasks are titrated according to each320

participant’s individual abilities (e.g. Doherty & Logie, 2016; Logie et al., 2004), while both321

TBRS (e.g. Barrouillet & Camos, 2010; Barrouillet et al., 2004, 2007) and EP (e.g. Chen &322

Cowan, 2009; Cowan & Morey, 2007) argue for interference effects due to a shared central323

resource. MCM also argues for a visual store to support memory for visually presented324

verbal material (see Logie, 1995; Logie et al., 2000, 2016; Saito et al., 2008) and use of325

mnemonics (e.g. Logie et al., 1996; Paivio & Csapo, 1969) that can have a small effect on326

concurrent processing accuracy when rehearsal is prevented by AS, and so predicts more327

complex interaction effects than the additive main effects predicted by TBRS, and different328

patterns of interactions than the slot-based capacity of temporary memory argued by the EP329

theory. Experiment 1 aimed to investigate different predictions from each theory for the330

effects on a visually presented verbal memory task and a visually presented verbal processing331

task of performing both memory and processing together relative to performing each on its332

own, and also the effect of AS on the presence or magnitude of these effects.333

Method334

This experiment, and all subsequent experiments, were approved by the ethics335

committees for The University of Edinburgh, The University of Fribourg, and The University336

of Geneva. The general trial sequences for all experiments are shown in Figure 1.337
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Participants338

Participants were recruited from the student populations at the University of339

Edinburgh, UK, and the Universities of Fribourg and Geneva, Switzerland. They received340

different honoraria in each country due to concerns about differing motivation for cash341

rewards in each location. In the UK, participants were compensated for their time with an342

honorarium of £12. In Switzerland, participants were either offered cinema vouchers343

(equivalent to 16 CHF) or course credit. Sixty-four participants were recruited in total, 32344

from each country (48 female and 16 male, mean age = 22.19, SD = 2.56). The sample size345

in each lab was selected to be comparable with previous research in the working memory346

literature, but to consist of a relatively large sample when compared to previous MCM,347

TBRS, and EP research.348

Apparatus349

Since the experiment was conducted across laboratories, efforts were made to ensure350

that the same equipment was used in each location. Each lab was equipped with the same351

model of laptop running PsychoPy (Peirce, 2007), connected to the same models of external352

monitor, headphones, and button boxes. Due to differences in British English and Swiss353

French keyboard layouts, different models of keyboards were used at each site. PsychoPy354

settings and external monitors were set so that text stimuli were presented with an355

approximate vertical visual angle height of 1.3 degrees. The same equipment and settings356

were used for all other experiments described in this paper. The experimenter remained in357

the room during the experiment.358
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Procedure359

The session began with a recognition task, in which participants were shown letters on360

screen and immediately typed the presented letter. Data from the pretest served as a check361

that the memory stimuli were sufficiently distinguishable from each other, and are reported362

in the supplementary materials. The pretest was followed by the memory and processing363

titration conditions, which set the load levels for the single- and dual-task conditions for each364

participant. Participants completed the single- and dual-task conditions without and with365

AS, with half the participants completing the ‘No AS’ condition first and half starting with366

the AS condition. In each ‘No AS’ and AS block, participants started a single-task memory367

block and a single-task processing block consisting of 10 trials each (the order of the memory368

and processing blocks were also counterbalanced). This was followed by two blocks of 10369

dual-task trials, followed again by two single-task blocks of memory and processing. Each370

participant therefore completed 40 single-task memory trials (20 without and 20 with AS), 40371

single-task processing trials (without/with AS), and 40 dual-task trials (without/with AS).372

Memory and processing titration procedure. Before the experimental373

conditions, both memory and processing loads were titrated to each participant’s individual374

abilities. The titration conditions followed a ‘staircase’ procedure, in which the demand of a375

task was increased or decreased depending on a participant’s performance. Sixteen trials376

were presented in total, in pairs of two set at each level of demand, starting at five items for377

both tasks. If accuracy across a pair of trials was >= 80%, the demand of the task was378

increased for the next two trials: if accuracy was below 80% the demand was decreased. If a379

participant passed the final two trials (i.e. the eighth pair, trials fifteen and sixteen), and380

these two trials were the highest ‘level’ they had reached up until that point, then additional381

pairs of trials were administered until failure to reach the 80% correct criterion. Participants’382

memory and processing spans were recorded as the highest level at which they achieved 80%383

accuracy or above. Three practice trials were given at the start of each titration, with384
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demand set to four items. Memory and processing titration were completed without AS in385

this experiment.386

Single-task memory. The same set of letters was used for both English and French387

stimulus sets, which contained all the letters of the alphabet except vowels (to reduce388

pronounceability of memory sequences), and multi-syllable letters from either language (‘w’,389

‘y’). The letter ‘z’ was also excluded due to the desire to maintain parity with the stimulus390

sets for WoMAAC aging studies conducted across UK and USA laboratories, as ‘z’ is391

pronounced differently in British and American English. Lists were randomly generated for392

each trial, without replacement. Participants initiated each trial with a button press, which393

was followed by a two second interval. Letters were then presented in the center of the screen394

sequentially for 250ms each, with a 750ms inter-stimulus-interval (ISI). Therefore, the study395

phase lasted n × 1000ms. The onset of the last letter was followed by a two second interval,396

followed by a ten second retention interval which consisted of five circles flashed on the397

monitor at a rate of one every two seconds, with a 250ms ISI. Following the retention398

interval a 400Hz tone sounded to prompt recall. Participant recalled items using the399

keyboard, and were able to ‘pass’ on a letter by pressing the ‘0’ (zero) key.400

The AS conditions proceeded in much the same way, except that one second before the401

presentation of the first letter a 400Hz tone sounded to prompt participants to begin402

repeating ‘ba’ at a rate of two per second (Figure 1). Before each AS condition participants403

were presented with an tone playing twice every second to demonstrate the speed they404

should be repeating ‘ba’. Participants were instructed to cease AS when they heard the405

second tone (after the ten second interval), and recall the memory items by typing them on406

the keyboard. To be clear, AS commenced prior to the start of the presentation of the407

memory sequence, and continued until after the filled or unfilled retention interval. This408

procedure was important for the MCM which assumes that AS disrupts the use of409

phonological encoding and subvocal rehearsal of the visually presented letter sequence.410
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Single-task processing (arithmetic verification). The processing task required411

participants to verify simple equations (e.g. 3 + 5 = 8, correct/incorrect?). These equations412

were randomly generated for each trial, with each equation having a 50% probability of being413

presented with a correct solution. Participants initiated trials with a button press, after414

which they heard five 250-ms-long, 300Hz ‘placeholder’ beeps played once every second. Two415

seconds after the onset of the final beep, the first equation appeared for (10000/n) − 250416

milliseconds (where n is the number of items to be presented), followed by a 250ms ISI, then417

the next equation. Following the presentation of the final equation a 400Hz tone played to418

signify the end of the trial. Participants pressed a button marked with a ‘tick’ (or ‘check’)419

for correct equations, and a button marked with a ‘cross’ for incorrect equations (as they420

appeared on the screen). The task progressed whether the participant responded within the421

presentation time or ISI or not, i.e. the sums remained on screen during their entire422

presentation window, and the ISI always occurred in full, regardless of the reaction time of423

the participant.424

In the AS condition, a 400Hz beep preceded the first 300Hz placeholder beep to425

prompt participants to begin repeating ‘ba-ba-ba’. They were instructed to cease AS once426

they heard the second 400Hz beep.427

Dual-task. The single-task memory and processing procedures were designed to428

match the timing of the dual-task condition with the use of placeholder beeps or circles.429

Dual-task trials therefore proceeded in a similar fashion to the single-task memory condition,430

both without and with AS, except that instead of the placeholder circles appearing during431

the ten second retention interval the arithmetic verification task appeared. Participants were432

instructed to complete both tasks, with no importance being placed on one task or the other433

by the instructions or by the experimenter. Participants were given three practice trials434

before the first ten experimental dual-task trials were presented. The demand for the435

dual-task practice trials was set at one item below each participant’s span.436



DUAL-TASK COSTS IN WORKING MEMORY 19

Predictions437

Although each of the theoretical frameworks incorporates different assumptions, and438

therefore makes different predictions, none is a formal computational model and therefore439

the predictions are qualitative. The predictions refer to whether or not an effect is expected440

to be present, and whether any such effect will be small, medium, or large. Since the models441

cannot make specific predictions for the size of effects, particular emphasis was placed on442

predicting the size of effects in relation to other factors within the experiment (e.g. the size443

of the dual-task effect compared to the AS effect), and in later experiments predicting effect444

sizes in relation to previous experiments. The hierarchical models we describe in the445

upcoming analysis section estimate a random participant effect standard deviation, therefore446

summarizing the average difference between participants in the dependent variable447

(i.e. accuracy, or more specifically the log odds of a correct response). It is therefore possible448

to specify the size of effects arising from experimental designs by placing them on a scale of449

differences due to individual differences. WoMAAC partners were asked to generate their450

predictions with this scale in mind.451

Predictions were specified in terms of small, medium, and large effects. Translating452

these into a common scale we used conventional criteria to refer to effects on the scale of453

expected individual differences (Cohen, 1988). Consequently, 0.2 of the average difference454

between individuals represents a small effect, 0.5 a medium effect, and 0.8 a large effect.455

These values were chosen as reasonable for effect sizes in research on memory (Morris &456

Fritz, 2013).1 In order to supplement the description of each account’s predictions simulated457

data conforming to the described expectations were generated and plotted and can be found458

1Upon analysis of the data, effects far larger than 0.8 were in fact observed. Since predictions of large effect

sizes were based on this smaller value the magnitude of predicted effects were unavoidably underestimated.

However, since each framework made predictions based on this same scale it was still possible to evaluate

contrasting predictions when data were analyzed.



DUAL-TASK COSTS IN WORKING MEMORY 20

on the OSF. Although each framework was required to generate predictions on the full set of459

variables, some predictions were speculative and not central to a particular theory. For460

example, the TBRS model has in the past largely focussed on costs on memory, so predicted461

effects of dual-tasking on processing were generated from what the model would ideally462

expect when attention is split between tasks. Predictions were also generated in each463

theory’s proponents own chosen format: MCM and TBRS predictions focussed on previous464

findings in the working memory literature, while EP generated predictions based on a simple465

capacity model created specifically for this experimental paradigm. The mathematical model466

generated by EP is available to view on the OSF, while a written summary of it is reported467

here for easy comparison with the predictions from the other theories.468

Table 1 summarises the predictions made by each of the theories, and the full469

descriptions of these predictions are described in the next sections.470

Multiple Components471

In the MCM, serial-ordered recall with visual presentation of a letter sequence is472

assumed to reflect (a) translation of the visually presented items into a phonological code (b)473

the involvement of the phonological loop, comprising a passive phonological store and474

subvocal articulatory rehearsal to retain both item and serial order information as475

phonological codes (c) visual encoding of the letters in a visual cache or temporary visual476

memory that can support item and order information (d) activation of representations of the477

visual and phonological information (of item, but not order) about the letters in LTM. All478

elements are thought to contribute to the observed span score. However, phonological479

encoding will dominate span performance when subvocal articulatory rehearsal is available.480

For memory above the span levels that are typical of healthy adults, there is thought to be481

an additional contribution from a range of mnemonic strategies such as chunking or semantic482

associations.483
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Visually presented items for arithmetic verification are assumed to involve activation of484

arithmetic knowledge in LTM and a decision process together with initiation of a manual485

response. None of these aspects of the task are thought to require use of the phonological486

loop, and so no effect of AS on processing is predicted by the MCM.487

Visually presented memory items may be disrupted by the arithmetic verification task488

during the retention interval due to the concurrent activation in LTM of arithmetic489

knowledge and of letter representations. In addition to these disruptive effects, there may be490

an additional small disruption to memory because of the visually presented arithmetic491

disrupting the contents of the visual cache. The overall disruption will be seen as a small492

effect size because the operation of the phonological store and articulatory rehearsal will be493

unaffected by visually presented arithmetic verification.This prediction is derived from494

previous studies that have shown no, or small dual-task costs when combining an at-span495

verbal memory preload with a processing task (e.g. Cocchini, Logie, Della Sala, MacPherson,496

& Baddeley, 2002; Logie et al., 2004), and evidence showing low correlations between497

processing and memory performance (e.g. Daneman & Hannon, 2007; Logie & Duff, 2007;498

Waters & Caplan, 1996).499

MCM assumes that AS during the encoding and retention phases will prevent500

phonological encoding and articulatory rehearsal of the memory items, and encourage the501

use of visual codes (e.g. Logie et al., 2000, 2016; Saito et al., 2008). Memory for visually502

presented letters will be impaired, because of a lack of phonological encoding and503

articulatory rehearsal, but will only be a medium effect size and will remain well above floor504

through a combination of passive storage within the visual cache, and activation of letter505

representations in LTM.506

For dual-task with AS, memory for visually presented items will be impaired with a507

medium effect size because of the use of visual codes to support memory even when there is508

a lack of phonological encoding and articulatory rehearsal. This means there will be a509
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dual-task:AS interaction, with a larger dual-task effect under AS. The support from visual510

codes may be less effective than for memory alone plus suppression because of interference511

from the visual presentation and manual response for arithmetic verification.512

Under AS, there will be a small dual-task effect on verification because of participants513

attempting to use mnemonic strategies for retaining the letters to try to compensate for the514

lack of articulatory rehearsal. Therefore for processing a small interaction is also predicted515

such that there is a dual-task effect only under AS.516

Time Based Resource Sharing517

Verbal memory span reflects the involvement of both the phonological loop and the518

executive loop in the TBRS model (see Camos et al., 2017 for a review). At span519

(single-task, no AS), participants should recruit all the resources at their disposal, i.e. since520

the phonological loop is limited to about four letters, the executive loop is used to ‘boost’521

performance beyond this limit. Thus, performing a processing task that involves attention522

(i.e., addition verification task) should disrupt the maintenance of verbal information523

through the executive loop and lead to a poorer memory performance than in the single-task524

condition.525

The addition of concurrent articulation will impair the use of the phonological loop,526

resulting in poorer recall performance. Previous experiments showed that such a reduction is527

stronger than the reduction produced by a concurrent attentional-demanding task (e.g.528

Camos et al., 2009). Thus TBRS predicts a medium main effect of task and a large main529

effect of suppression. Finally, the joint impairment of the phonological and executive loops530

by a concurrent articulation and the addition verification task, respectively, should lead to531

additive effects, and to a minimum recall performance. This should constitute a residual532

memory performance that remains when working memory maintenance mechanisms are533
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blocked.534

For the processing task, performing the addition verification task involves the executive535

loop. Because maintaining letters at span also involves the executive loop, a medium536

detrimental effect on processing should be observed in the dual-task condition compared537

with the single-task condition. AS should not have any effect on addition verification, except538

if AS induces a small attentional capture. In such a case, the addition of AS should result in539

a small reduction in processing performance. Therefore two additive main effects are540

predicted, with the possibility of a small interaction to the extent that the addition task541

requires phonological processes.542

Embedded Processes543

The EP model assumes that task relevant information from long-term memory is held544

in a heightened state of activation subject to decay and interference from other items with545

similar features. A subset of that activated information can be held in the focus of attention,546

which helps to overcome decay and interference. Additionally, a way to prolong and improve547

the maintenance of some verbal information with very little contribution of attention is548

through subvocal rehearsal.549

In order to coordinate a verbal memory and verbal processing, dual-task participants550

must share the capacity of the focus of attention between these tasks. Compared to551

single-task performance, dual-task accuracy on memory and processing is predicted to be552

lower due to the need to split attention between these two tasks. Both tasks are assumed to553

benefit from subvocal rehearsal, and so an effect of AS on both tasks is predicted. However,554

memory performance also benefits from both rehearsal during encoding (as there is no AS555

during encoding for visually presented memory items) and visual sensory memory (due to556

memory items being presented visually). While rehearsal prevents time-based decay, visual557
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sensory memory supports performance by providing additional storage while also freeing up558

the focus of attention for storage of other memory items. Likewise, the arithmetic task is559

assumed to rely on some mechanisms that are not relevant to the memory task (likely well560

learned mathematical rules that can be recalled from long-term memory). This task also561

benefits from visual sensory memory, as the use of this separate storage frees up the focus of562

attention for processing.563

These different factors contributing to single- and dual-task performance for each task564

lead to a set of predictions based on the overlap in shared mechanisms for each tasks. In565

order to make these predictions, some assumptions need to be made regarding the behaviour566

of participants: 1) that participants are motivated to use all available resources to complete567

tasks; and 2) that the attentional costs of the processing task can be expressed in terms of568

the number of items held in the focus of attention, as it is with the memory task. Although569

the theory does not specify the allocation of attention between tasks, when encouraged to570

make a guess at the allocation, the protagonists of this theory simply guessed that571

participants would split attention and other shared resources equally between the memory572

and processing tasks.573

In sum, based on the assumptions made by the model as to the separate and shared574

mechanisms utilised for the memory and processing tasks, EP predicts large dual-task and575

AS costs to both memory and processing tasks. The model also predicts a smaller dual-task576

cost under AS (i.e. a medium interaction effect), as the shared subvocal resource is no longer577

split between the two tasks in single- and dual-task conditions, so the dual-task costs are578

reduced compared to the no AS condition.579
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Results580

Analysis Method581

In order to avoid the potential pitfalls of conventional methods (e.g. ANOVA and other582

normal models can lead to spurious results, particularly in the interpretation of interaction583

effects Dixon, 2008; Jaeger, 2008), data were analyzed using generalized linear mixed effects584

models (B. M. Bolker et al., 2009). This method allowed modelling of non-normal response585

variables (via a logit link function) while also acknowledging that observations are nested586

within individuals (i.e. repeated measures). The analyses were conducted using the lme4587

package (version 1.1-17, Bates, Mächler, Bolker, & Walker, 2015), and the full analysis588

scripts for the experiments reported in this paper are available on the OSF. List of memory589

items and sequences of sums were analysed on a by item basis: i.e. if a participant590

remembered/responded correctly to three out of four items in a list/sequence, then the log591

odds would be modeled on this performance. Although participants were able to answer pass592

for the memory task, these responses were simply coded as incorrect for the purposes of593

analysis.594

As detailed in the previous section, WoMAAC partners provided effect size predictions,595

but the first step of our analyses involved reducing the complexity of models to effects of596

interest. Initially full models, with all main effects and interactions plus a random intercept597

for each participant, were fitted to the memory and processing data. For both memory and598

processing data the main effects were task: single- vs. dual, AS : without/with, and site:599

Switzerland (CH) vs. UK., and all interactions including the three-way task:AS :site600

interaction were included. The first model comparison involved removing the highest order601

interaction (the three-way interaction), and comparing it with the reduced candidate model.602

Model comparison was based on BIC values (Schwarz, 1978): if these values were lower for603

the candidate model this was evidence for the removal of the effect and to use the new604
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simpler model for future comparisons. Two-way interactions, and then main effects, were605

then considered in turn. Each two-way interaction and main effect was considered separately606

with a model containing all other effects (apart from already removed higher order effects).607

If model comparison favored the inclusion of an interaction, lower order interactions or main608

effects contained within that interaction were not considered for removal later in the chain.609

Summaries of the best-fitting statistical models from each experiment are reported in this610

paper, but the full analysis script showing each step is available on the OSF.611

Analyses612

Mean memory span was 6.34 (SD = 1.28), and mean processing span was 8.00 (SD =613

2.0).614

The best fitting memory and processing statistical models are summarized in Table 2.615

Since model comparison was conducted via BIC comparison, it is possible to calculate a616

Bayes factor comparing the winning statistical models to the next best candidate model.617

The Bayes factor in favour of the best fitting statistical model for memory was 31.34 (BIC618

for best fitting statistical model = 21696.57, BIC for next best candidate model = 21703.46),619

and for processing the Bayes factor in favour of the best fitting statistical model was 6734.51620

(BIC = 16022.03, BIC for next best candidate model = 16039.67). For memory, there were621

statistically significant main effects of dual-task (scaled effect size = -0.73) and of AS (-2.96).622

Although the effect of site was not statistically significant, the model comparison method623

described earlier resulted in the retention of condition:site and AS:site interactions, both of624

which were statistically significant in the model (scaled effect sizes: -0.30 and 0.39625

respectively). These interactions reflect a larger dual-task effect at the UK lab, and a smaller626

AS effect in the UK lab compared to the CH lab (N.B. the former interaction effect runs627

counter to the pattern that would be expected due to testing site bias). Figure 2 summarizes628

dual-task and AS effects split across labs, and clearly demonstrates the source of the629
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interactions is the larger single-task AS effect in the CH lab reducing the dual-task effect in630

the same lab.631

Contrary to the memory task, processing performance was not affected by either632

dual-task or AS manipulations (see Figure 3 for plotted data).633

Experiment 1 Summary634

All three theories made clear predictions for the outcome of Experiment 1, ranging635

from null effects (MCM), to additive effects of dual-task and AS (TBRS), to interactions636

between these two effects (MCM/EP). While each of the models predicted some of the637

observed effects, no account predicted the complete pattern of results.638

A large dual-task effect was observed for memory performance. This does not fit with639

the predictions from the MCM of a small disruptive effect of processing on memory accuracy.640

Both TBRS and EP predicted the dual-task effect, yet both models predicted medium effect641

sizes where a very large effect size was observed. All three models predicted an effect of AS,642

though both MCM and EP predicted a medium effect size where a large effect as predicted643

by TBRS was in fact observed.644

It is important to note that constrained effect sizes were used for predictions of small,645

medium, and large effect sizes (0.2, 0.5, and 0.8 respectively), so it may be considered more646

informative to compare each model’s predicted magnitude of dual-task and AS effects. Thus,647

TBRS correctly predicted that the dual-task effect would be smaller than the AS effect.648

MCM also predicted this pattern, but only because such a small effect of dual-task was649

predicted and the predicted size of the AS effect was still smaller than that observed. When650

forced to make a prediction of the relative effect sizes for dual-task and AS, EP assumed651

equal contribution of attention to rehearsal and processing and so predicted that these652

effects would be equal, which the data do not support.653
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MCM and EP both predicted dual-task:AS interactions with memory, though each654

predicted different patterns. Neither of these interactions were present in the data. Contrary655

to the MCM prediction, the effect of dual-task was present without and with AS, and the656

introduction of AS did not reduce the size of the dual-task effect as predicted by EP. That is,657

it appeared that the effects of dual-task and of AS were independent and additive.658

TBRS predicted a medium dual-task effect and a small AS effect on processing with no659

interaction, while the EP model predicted the same dual-task:AS interaction as it did for660

memory where a smaller dual-task effect was observed under AS. Neither of these patterns661

were observed in the data. The MCM prediction of no dual-task effect on processing when662

there was no concurrent AS was accurate, yet the dual-task:AS interaction prediction was663

not confirmed as AS did not introduce a statistically significant effect of task.664

Finally, although large effects of AS and dual-task were found for memory performance,665

performance levels were still well above chance even when both dual-task and articulatory666

suppression were required. This highlights a difference in emphasis between the three667

theoretical approaches, with MCM studies typically pointing to the size of the residual668

performance levels, even under high cognitive load, whereas TBRS and EP typically note the669

reduction in performance relative to baseline levels.670

In summary, while each model predicted some trends no account provided a671

satisfactory approximation of all the observed data patterns. Where some models succeeded,672

for example TBRS and EP in predicting dual-task effects on memory, those same models673

failed to predict patterns in the processing task. The opposite pattern was partially true for674

MCM, where small dual-task effects on processing were predicted while the dual-task effects675

on memory were not. Considering that the models all specify some interplay between676

memory and processing in working memory, accurate or semi-accurate predictions of one half677

of the data are not sufficient to identify a ‘winning’ framework.678
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Experiment 2679

Experiment 1 investigated the effect of the dual-task and AS on memory and680

processing, and found large effects of both on memory but no effects on processing.681

Experiment 1 featured visual presentation of memory items, which according to the MCM682

meant that these items were verbally recoded when there was no concurrent AS but that683

suppression prevented recoding leading to a dual-task effect. It occurred that there was a684

dual-task effect in both ‘no AS’ and AS conditions, but such a recoding hypothesis was only685

presented by the MCM and so may be of use when differentiating between the models.686

Experiment 2, therefore, replaced the visually presented memory task and typed recall with687

an aurally presented task and oral recall. In Experiment 2 we aimed to investigate whether688

the presentation format changed the pattern of statistically significant effects or689

increased/decreased the magnitude of these effects, as only the MCM would make strong690

predictions regarding differences in performance due to presentation format.691

Method692

Participants693

As mentioned previously, data collection for Experiments 1 and 2 ran concurrently, and694

so participants were recruited in the same way as described in Experiment 1, resulting in a695

sample of sixty four participants, 32 from the UK and 32 from Switzerland (46 female and 18696

male, mean age = 20.96, SD = 2.46). The samples for Experiments 1 and 2 were697

independent.698
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Procedure699

The procedure for Experiment 2 proceeded in the same way as in Experiment 1, except700

for the substitution of an aurally presented task in place of the visually presented memory701

task, and participants responded orally rather than typing their responses.702

Aurally presented verbal memory task703

Memory task stimuli were generated using the built in Apple OSX 10.11.4 voice. The704

American English voice ‘Alison’ was used in the UK lab, and the French voice ‘Audrey’ was705

used in the Swiss lab. The same list of letters from Experiment 1 was used in Experiment 2,706

and lists were again randomly generated for each trial without replacement. The auditorily707

presented memory task proceeded with the same timing as the visual presentation memory708

task in Experiment 1. Memory item onsets were separated by 1000ms, so that the study709

phase (as with Experiment 1) was n × 1000ms. Following the blank retention interval, or the710

retention interval filled with the processing phase, a 400Hz tone prompted participants to711

orally recall the letters, saying ‘pass’ for any letter they could not remember. The712

experimenter typed the participants’ responses on a separate keyboard and monitor. Both713

the experimenter’s keyboard and monitor were out of view of participants.714

In the AS conditions, the 400Hz tone signalling the beginning of the AS component of715

the task was played 1000ms after the onset of the last memory item, rather than before the716

onset of the memory items as it had in Experiment 1. In Experiment 1 the AS during717

encoding was to maximize the use of non-phonological memory processes (i.e. to avoid718

phonological storage through recoding of the memory items); the encoding phase in the AS719

condition for Experiment 2 was presented in silence to maximise the likelihood of720

phonological storage of memory items - an important procedural consideration for the MCM.721
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Predictions722

Note: Data for Experiments 1 and 2 were collected concurrently, so the predictions for723

Experiment 2 do not take into account the findings from Experiment 1. The predictions for724

Experiment 2 are summarised in Table 1.725

Multiple Components726

In the MCM, serial-ordered memory span with aural presentation of letters is assumed727

to reflect (a) a passive phonological store, (b) articulatory rehearsal, and (c) activation of728

representation of the letters in long-term memory (LTM) for items, but not order. All three729

elements are thought to contribute to the observed span score. For memory above span730

levels that are typical for healthy adults, there is thought to be a contribution from a range731

of mnemonic strategies such as chunking or semantic associations.732

When arithmetic verification is performed during a retention interval for an aural letter733

sequence, it is expected that the concurrent activation in LTM of arithmetic knowledge and734

of letter representations may result in some disruption of letter memory, because of a small735

contribution of LTM activation to item memory in auditory, serial order letter span.736

However, this disruption will not be statistically reliable because the operation of the737

phonological store and articulatory rehearsal will be unaffected by visually presented738

arithmetic verification. Thus no dual-task cost is predicted. It is expected that there will be739

no effect on arithmetic verification of a memory preload of an at-span aurally presented740

letter sequence.741

Articulatory suppression was added during a blank retention interval, but not during742

encoding. This is important because it allows for initial phonological encoding and rehearsal743

during presentation of the at-span letter sequence, but prevents articulatory rehearsal to744

retain the sequence during the retention interval. Memory for aurally presented letters will745
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be impaired, showing a large effect of articulatory suppression. Memory performance will746

remain above floor through a combination of passive storage within the phonological store747

and activation of letter representations in LTM.748

When articulatory suppression is added to visually presented arithmetic verification, it749

is anticipated that there will be no effect on verification performance. When articulatory750

suppression is added to arithmetic verification after presentation (without suppression during751

encoding) of an aural preload of an at-span letter sequence, memory for the letter sequence752

will be impaired for the same reasons as for suppression during memory retention without753

arithmetic verification. The extent of the disruption will show as a large effect on memory.754

Thus there is no interaction predicted between suppression and task (single- vs. dual). There755

will be a small dual-task effect on verification under AS because of participants attempting756

to use mnemonic strategies for retaining the letters in an attempt to compensate for the lack757

of articulatory rehearsal. Therefore, for processing a small interaction is predicted such that758

performance should be below span (< 80%) in the dual-task with AS condition.759

Time Based Resource Sharing760

The TBRS predictions for Experiment 2 are unchanged from Experiment 1, with761

medium effect of dual-task, a large effect of suppression on memory, and a small dual-task762

effect on processing.763

Embedded Processes764

EP predictions for Experiment 2 closely match those from Experiment 1, and follow a765

similar set of assumptions. Whilst in Experiment 1 letter memory was assumed to be766

supported by visual sensory memory, in this experiment memory performance is assumed to767

be supported by auditory sensory memory. Auditory sensory memory is assumed to be more768
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efficient than visual sensory memory for verbal materials, providing an additional source of769

memory that does not have to be divided between storage and processing, and so medium770

dual-task and AS costs are predicted in contrast to the large effects predicted in Experiment771

1. As in the previous experiment, EP predicts a medium interaction between dual-task and772

AS in which the dual-task cost under AS is smaller due to the fact that subvocal mechanisms773

are no longer utilised and therefore shared between memory and processing tasks.774

Results775

Data from Experiment 2 were analyzed using the same methods as Experiment 1.776

Mean memory span was 6.52 (SD = 1.04), and mean processing span was 8.61 (SD = 2.00).777

The best fitting statistical model for memory is summarized in Table 3, which displays778

coefficient estimates for each effect. The Bayes factor in support of this model over the more779

complicated candidate model (calculated using BIC values, winning model = 21293.38, more780

complicated candidate = 21309.80) was 3677.54, and over one million for the simpler781

candidate model (BIC for simpler model = 22739.29). There were statistically significant782

dual-task and AS effects. Scaling the dual-task effect in terms of average differences between783

participants, the effect of going from single- to dual-task results in an effect size of -1.21.784

The scaled AS effect size was -2.00.785

There was also a large effect of site (0.68), with UK participants performing better on786

the memory task than CH participants. As with Experiment 1, and contrary to what would787

be expected by site bias, there was also a slightly larger dual-task effect in UK participants788

(condition:site interaction: -0.34). Interpreting this main effect of site and interaction is789

straightforward when splitting participants performance across site (see Figure 4): the higher790

single-task performance in UK participants explains the larger dual-task effect. It is difficult791

to explain why CH participants did not perform at the 80% titration level, but since the792
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interaction effect is small (and does not include the AS effect) it does not complicate793

interpretation of the overall data pattern.794

The best fitting statistical model for processing is also summarized in Table 3. Unlike795

memory performance, processing performance was only affected by the introduction of a796

dual-task (scaled effect size = -0.43). Note that this dual-task effect was not present in797

Experiment 1. Processing data are summarised in Figure 5. The Bayes factor in support of798

the best fitting statistical model was 4103.13 (BIC for best fitting model = 15853.39, next799

best candidate model BIC = 15870.03).800

Comparison of Experiments 1 and 2801

Memory and processing performance in Experiments 1 and 2 were compared using the802

same analysis method utilized for the separate analyses, except with the addition of a format803

between-subjects factor. The model comparison followed the same procedure of removing804

effects from the model and comparing BIC values, and the winning models for each task are805

summarized in Table 4. The Bayes factors supporting best fitting statistical models for806

memory and processing were 40.20 (BIC for winning model = 42986.90, next best candidate807

model = 42994.29) and 3344.26 (winning model = 31876.44, next candidate = 31892.66)808

respectively.809

For memory, aside from the clear effects of dual-task and AS (scaled effect sizes = -1.65810

and -2.89), the best fitting statistical model also contained format interactions (though the811

main effect of format was not statistically significant). The dual-task:format interaction812

reflects a larger dual-task effect for the auditory/oral task in Experiment 2 compared to the813

visual/typed task of Experiment 1 (effect size = 0.57). However the AS effect was smaller for814

auditory/oral compared to visual/typed (effect size = -1.38). There was also a format:site815

interaction as UK participants’ auditory/oral performance was higher than CH participants’816
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(this effect was also detected in the memory analysis of Experiment 1).817

For processing, there was an overall statistically significant dual-task effect (effect size818

= -0.61) which was driven by the effect observed in the auditory/oral condition (Experiment819

2) as evidenced by the dual-task:format interaction (0.46).820

Experiment 2 Summary821

As with Experiment 1, a large dual-task effect on memory was observed with aural822

presentation of stimuli. MCM did not predict an effect of dual-task (either with or without823

AS), while TBRS and EP both predicted medium dual-task effects. The AS effect was824

predicted by all three theories, but only TBRS correctly predicted that this effect would be825

larger than the dual-task effect.826

For processing, a medium dual-task effect was observed. TBRS predicted a small effect,827

and EP predicted a medium effect. MCM, however, predicted that the dual-task effect would828

only be present under AS (the same prediction as for Experiment 1), but this was not the829

case as no interaction between dual-task and AS was observed.830

The between-experiment comparison revealed that the dual-task effect on memory was831

larger than that observed in Experiment 1. For processing, the between-experiments832

comparison confirmed the different patterns of data in Experiments 1 and 2 where a833

dual-task effect was only observed in the auditory/oral (AO) format condition. However, it is834

important to note the methodological differences between Experiments 1 and 2 relating to835

the onset of AS: for Experiment 1 (visual presentation), AS was carried out during the836

encoding phase, whereas in Experiment 2 the AS onset was after the presentation of the last837

memory item and before the processing phase/retention interval. This difference was838

important theoretically, as discussed in the introduction to Experiment 2. However, it may839

be that the differences in dual-task effect sizes were due to this difference in procedure, as840
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AS may have interfered with encoding in Experiment 1 while having a start up cost that841

interfered with processing in Experiment 2.842

MCM was the only model to propose different patterns of memory performance843

between Experiments 1 and 2, predicting a small dual-task effect with visual presentation844

and no effect for aural presentation. However, the opposite pattern was observed with a845

larger effect of dual-task on memory being observed in Experiment 2 compared to846

Experiment 1. While EP stated that different supporting memory processes were involved in847

visual and aural presentation tasks (i.e. visual and auditory sensory memory), the model did848

not predict that these differences would have an observable outcome on behavior. TBRS849

specifically predicted no difference between experiments, but differences were observed with850

a larger dual-task effect of memory in Experiment 2 than in Experiment 1, and a dual-task851

impact on processing in Experiment 2 that was not observed in Experiment 1. So, none of852

the three theoretical frameworks correctly predicted the full pattern of results observed853

across the two experiments.854

Titration under AS855

Experiments 1 and 2 revealed large dual-task effects on memory with both visual and856

auditory presentation formats, and null/small dual-task effects on processing. The three857

models had mixed success in predicting the patterns of results, though all three missed large858

trends in the data. Since Experiment 1 (visual/typed) most closely conformed to TBRS/EP859

for memory data, and to MCM for processing data, Experiment 3 adapted this procedure to860

investigate further the different assumptions regarding maintenance and processing and how861

maintenance and processing are affected by AS.862

Each of the models makes some assumptions regarding the involvement of863

phonological/verbal rehearsal of memory items, and that these processes are affected by the864
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addition of concurrent AS to the dual-task conditions. The goal of the titration procedure865

was to ensure that all participants were performing tasks set at appropriate levels of demand,866

but also to provide a reliable single-task measure of memory and processing performance.867

Titration of memory and processing tasks were completed without concurrent AS868

suppression, meaning that the memory task demand was adjusted to a level where memory869

was being supported by rehearsal.870

Whereas all three models agreed that memory was supported by some form of subvocal871

rehearsal, only the MCM states that a small number of verbal memory items can be872

maintained with no requirement to rehearse or refresh (i.e. no attentional requirement). In873

MCM, subvocal rehearsal is said to ‘boost’ memory performance beyond the capacity of this874

store. In Experiments 1 and 2 this means that, according to MCM, single-task memory875

performance is a product of not only attention-free storage but also rehearsal methods that876

are also affected by concurrent AS (Baddeley, Lewis, & Vallar, 1984; Murray, 1965)877

Experiments 3 and 4 aimed to test the MCM’s proposal of an attention-free verbal878

store by titrating memory under AS for both visual and auditory presentation formats in an879

attempt to more accurately measure the capacity of memory for verbal items when subvocal880

rehearsal is not available.881

Experiment 3882

Method883

Participants884

Participants were recruited in the same way as in previous experiments, half in the UK885

and half in Switzerland. The total sample consisted of thirty-two participants who had not886
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taken part in either of the previous experiments (24 female and 8 male, mean age = 21.72,887

SD = 2.25).888

Procedure889

The procedure for Experiment 3 closely resembled that of Experiment 1, with visual890

presentation and typed recall of memory items. The primary way in which the procedure891

deviated was that titration of memory and processing tasks was completed under AS. The892

trial procedures for memory and processing trials in the titration conditions followed the893

same timings as the AS conditions from Experiment 1. Single- and dual-task conditions were894

then completed in the same order as in previous experiments, however only data for895

performance under AS were collected.896

Predictions897

Predictions are summarised in Table 1.898

Multiple Components899

The MCM predicted that there would be no subvocal rehearsal for the memory items900

because this would be prevented by the AS. There may be both phonological and visual901

encoding, with retention in passive, domain-specific temporary memory systems. Without902

suppression in previous experiments, rehearsal is assumed to be a strategy to boost903

temporary memory performance, and so span without suppression over-estimates temporary904

memory capacity. Because rehearsal cannot be used under AS, the titrated spans will905

provide a more accurate measure of the capacity of the temporary memory systems.906

However, there might be attempts by some participants to use mnemonic strategies instead907

of rehearsal, and this would use a small amount of processing resource. Thus, MCM predicts908
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that there will be at most a small dual-task effect, but possibly no effect on memory909

performance (contrary to Experiment 1), and no dual-task effect on processing performance910

(as was found in Experiment 1).911

Time Based Resource Sharing912

Under AS, memory span reflects the involvement of the executive loop in the TBRS913

model. Thus, performing a processing task that involves attention (i.e. the addition914

verification task) should disrupt the maintenance of verbal information through the executive915

loop and lead to poorer memory performance than in the single-task condition. The model916

therefore predicts a medium dual-task effect on memory.917

For processing, performing the addition verification task involves the executive loop.918

Because maintaining letters at span also involves the executive loop, a detrimental effect on919

processing should be observed in the dual-task condition compared to the single-task920

condition. The TBRS model predicts a large dual-task effect on processing.921

Embedded Processes922

In Experiments 1 and 2 participants were able to make use of sub-vocal rehearsal to923

reach a high span level during the titration procedure. The data from these previous924

experiments have led us to revise our account such that we no longer assume that rehearsal925

makes a contribution to processing. Thus, the manipulation of suppression and single-926

vs. dual-task are assumed to be independent. Therefore, we predict a large effect of single-927

vs. dual-task on memory in the present experiment where participants are titrated under928

suppression. Further, we predict that the dual-task cost on memory will be larger in this929

experiment relative to that found in Experiments 1 and 2. This is because we assume that930

the processing task consumes a constant “number of items” worth of attention and931
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consequently it will have a greater cost in terms of proportion correct items recalled in932

position on the smaller list lengths obtained via titration under suppression.933

For processing, there is a clear asymmetry in the data from Experiments 1 and 2.934

According to the EP account this is due to the preferential allocation of attention to the935

processing items as they appear at the expense of maintaining items in memory. Therefore,936

we predict no effect of single- vs. dual-task on processing performance.937

Results938

Data from Experiment 3 were analyzed using the same methods as previous939

experiments, yet because all the conditions were performed with suppression the process was940

simplified since there were only two main effects to consider: dual-task and site. Mean941

memory span under AS was 5.00 (SD = 1.00), and mean processing span under AS was 8.56942

(SD = 2.00).943

The best fitting statistical model for memory is summarized in Table 5, and contained944

a significant main effect of dual-task (scaled effect size = -1.64) and a dual-task:site945

interaction (-0.49). The model comparison procedure produced a Bayes factor of 1.06 against946

the removal of the dual-task:site interaction (BIC full model = 4498.70, BIC for model947

without interaction = 4498.81). As stated in the preregistered materials, we treated BIC as a948

binary choice in our model comparison procedure despite the inconclusive Bayes factor. The949

interaction reflects a larger dual-task cost in UK participants. There were no effects of950

dual-task or site on processing, with a Bayes factor of 361.41 supporting the removal of both951

of these factors (BIC for best fitting statistical model = 3813.78, BIC for next best candidate952

model = 3825.56). Memory and processing data are summarized in Figures 6 and 7.953
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Experiment 3 Interim Summary954

MCM predicted a small or null effect of dual-task on memory due to titration under955

AS resulting in a more accurate measure of the verbal memory store. Conversely, TBRS and956

EP predicted medium and large effects respectively. Contrary to MCM predictions, and in957

line with TBRS and EP, a large dual-task effect on memory was observed in Experiment 3.958

Both EP and MCM predicted no effect of processing (as was observed in Experiment 1959

with visual presentation and typed recall), though for different reasons. MCM predicted no960

effect due to separation of processing resources from memory, while EP predicted no effect961

on processing due to preferred allocation of attention to this more immediate task. TBRS962

predicted a dual-task effect on processing due to the involvement of the executive loop in963

maintaining memory items when subvocal rehearsal is prevented by AS. The results from964

Experiment 3 revealed no dual-task effect on processing - the same as was observed in965

Experiment 1.966

Experiment 4967

Note: Experiments 3 and 4 were run consecutively (unlike Experiments 1 and 2), and968

so some predictions for the latter experiment were influenced by the results from the former.969

Method970

Thirty-two participants took part in Experiment 4, split evenly between the two labs971

as with previous experiments (23 female and 9 male, mean age = 21.66, SD = 2.39). None of972

the participants had taken part in previous experiments.973

The procedure for Experiment 4 followed that of Experiment 3, with titration under974

suppression. However, Experiment 4 utilized the aural presentation and oral recall memory975
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task from Experiment 2.976

Predictions977

Predictions are summarised in Table 1.978

Multiple Components979

MCM assumes that AS will prevent rehearsal of memory items but will not prevent980

temporary phonological storage. Participants may attempt to use mnemonic strategies981

instead of rehearsal, which would use a small amount of processing resources leading to, (at982

most), a small dual-task effect on memory and processing.983

So, while a large dual-task effect on memory was observed for the visual/typed984

experiment with titration under AS (Experiment 3), a small or zero effect is predicted by985

MCM with auditory presentation because aurally presented memory items will have direct986

access to the phonological store. A small or zero dual-task effect is also predicted for987

processing, with any effect due to the aforementioned potential use of mnemonics.988

Time Based Resource Sharing989

The TBRS model predicts the same pattern of results as observed in Experiment 3.990

The TBRS model does not make specific predictions about differences in effect sizes, but991

states that titration with AS will result in participants relying to different degrees on the992

phonological and executive loops. The extent to which participants will rely on one993

mechanism or the other is not precisely predictable, but the switch from a visual/typed994

memory task to auditory/oral is not predicted to make a difference for the effect size, so995

TBRS predicts that the observed dual-task effect size for memory will be at least as large as996
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the effect observed in Experiment 3 (-1.64). TBRS amends their processing task predictions997

to state only that a dual-task effect will be present (without specifying an effect size) since998

the theory does not specify working memory mechanisms or resources uniquely related to999

arithmetic verification, but that it induces an attentional cost that will disrupt refreshing via1000

the executive loop.1001

Embedded Processes1002

As with Experiment 1 and 3, EP again predicts that the dual-task cost will be larger1003

in this experiment compared to that observed in Experiment 2, since processing task has1004

greater cost in terms of the number of items in smaller lists.1005

The full analysis of Experiments 1 and 2 revealed a two-way interaction between1006

format (auditory/oral, visual/typed ) and task (single, dual). Given that this comparison1007

was, in part, made between subjects, this interaction is not expected to replicate.1008

Consequently, with regards to comparison to the follow up study with visual presentation1009

and typed response titrated under AS (Experiment 3), EP predicts that the dual-task cost1010

for memory in this auditory-oral experiment will be at least as large if not larger.1011

For processing, EP predicts no effect of dual-task because of the preferential allocation1012

of attention to the processing items in the retention interval. While Experiment 2 revealed a1013

small dual-task cost for processing, EP does not predict a replication of this pattern in this1014

follow up experiment. A replication of a dual-task processing cost with auditory/oral1015

presentation of memory items when we have not observed this with visual/typed1016

(Experiments 1 and 3) would require further theoretical changes to the EP model.1017
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Results1018

Mean memory span under AS was 5.20 (SD = 0.94), and mean processing span under1019

AS was 7.66 (SD = 2.00).1020

The best fitting statistical models for the memory and processing are summarized in1021

Table 6, and data are summarized in Figures 8 and 9. Statistically significant dual-task1022

effects were found for both memory (scaled effect size = -1.32) and processing (-0.42). For1023

memory, a Bayes factor of 30.67 was found in support of the best fitting statistical model1024

(BIC = 4432.40) over the next best candidate model (BIC = 4439.25). For processing the1025

best fitting statistical model was supported by a Bayes factor of 33.78 (BIC = 3648.41) over1026

the next best candidate model (BIC = 3655.45). As with previous experiments, no one1027

theoretical framework correctly predicted the full pattern of results.1028

Full comparison of Experiments 1-41029

Following completion of the fourth experiment we found it pertinent to compare it1030

with all previous experiments (and EP specifically made predictions regarding effect sizes1031

between experiments). The analysis method followed the same procedure as for individual1032

experiments, and the best fitting statistical models for memory and processing are1033

summarized in Table 7. For memory, the Bayes factor in support of the full model was over1034

a million (BIC = 56563.51) compared to the next simplest candidate model (BIC =1035

56614.56), and for processing the winning model was preferred by a Bayes factor of 106.171036

(BIC = 39313.58) over the next more complex candidate model (BIC = 39322.91).1037

For memory, a number of statistically significant effects were found. The dual-task and1038

format effects and the dual-task:format interaction were observed in previous analyses. The1039

titration effect and the format:titration reveal performance was higher with titration under1040

AS. However, these effects are artefacts due to the differences in experimental designs of1041



DUAL-TASK COSTS IN WORKING MEMORY 45

Experiments 1/2 and 3/4: mean performance was lower in the former two experiments1042

because AS was added after titration levels were set. This means that in Experiments 1 and1043

2, on average, performance was lower as the mean was ‘pulled down’ by the AS conditions.1044

In Experiments 3 and 4 task demands were titrated under AS to 80% performance levels,1045

and no additional load was added apart from dual-task.1046

Of interest is the dual-task:titration type interaction for memory, which reveals that1047

the dual-task cost to memory was larger when titration was performed under AS1048

(Experiments 3 and 4 vs. 1 and 2). Also, the three way dual-task:format:titration type1049

interaction reveals a larger dual-task effect in Experiment 3 compared to other experiments.1050

Summary of Experiments 3 and 41051

For both Experiments 3 and 4, MCM predicted a small or null effect of dual-task due1052

to the memory task being titrated under AS, which was assumed to result in a more1053

accurate measure of the verbal memory store by removing the ‘boost’ to memory1054

performance from rehearsal. However, a large effect of dual-task on memory was observed in1055

both experiments (TBRS predicted a medium effect, while EP predicted a large effect). The1056

between-experiment comparison revealed that this effect was in fact larger than the memory1057

dual-task effects in Experiments 1 and 2, in which memory (and processing) were titrated1058

without concurrent AS. This larger effect was predicted by the EP model, and was attributed1059

to the fact that the attentional cost of the secondary task will result in a larger proportion of1060

the shorter list lengths being forgotten (the shorter lists being a result of titrating under AS).1061

Experiments 3 and 4 also replicated the finding in Experiment 1 and 2, where a1062

dual-task cost to processing was only observed when the memory stimuli were presented1063

aurally. However, as discussed previously, it is difficult to ascertain whether this effect on1064

processing is related to the presentation format of the memory task or due to the differences1065



DUAL-TASK COSTS IN WORKING MEMORY 46

in AS onset. Specifically, the EP model predictions stated that this pattern might not be1066

replicated in Experiments 3 and 4. MCM predicted no effect on processing in either1067

Experiment 3 or 4, while TBRS predicted a large effect in Experiment 3 and a measurable1068

effect (with an unspecified magnitude) in Experiment 4. As noted earlier, none of the1069

theoretical frameworks predicted the pattern of observed results.1070

Discussion1071

Theories of working memory attempt to both explain existing behavioural data and to1072

predict performance on tasks based on an assumed structure and functional organisation of1073

working memory. One of the starkest differences between working memory theories, and the1074

focus of the present study, is the effects of dual-tasking on memory and processing1075

performance; specifically whether or not retention of memoranda relies on continued or1076

repeated access to an attentional resource, and the performance cost of this access to a1077

concurrent processing task. The three theories investigated in this paper provided1078

predictions ranging from no effect of dual-task on memory or processing (MCM), to a linear1079

trade-off between the two tasks (TBRS), and to an interactive pattern of effects due to the1080

allocation of attention to different mechanisms supporting maintenance of memory items and1081

verifying equations (EP). No one set of predictions matched the results obtained.1082

One of the possible explanations for differences between studies that found null/small1083

dual-task effects in younger adults (e.g. Logie et al., 2004) and studies that found large1084

trade-offs between processing and storage (see review Barrouillet & Camos, 2015) is that1085

they could be due to a lack of titration in the latter body of research which instead focussed1086

on the maximum memory span achievable under dual-task rather than performance at span.1087

For this reason, a titration procedure was utilised to ensure demand was set at appropriate1088

levels for individual participants, therefore (according to the MCM) maximising the1089

likelihood that they would rely on specialised verbal stores rather than resorting to1090
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potentially attention-demanding strategies to cope with high task demand. The titration1091

under suppression procedure in Experiments 3 and 4 aimed to further increase the use of a1092

dedicated verbal store by removing participants’ ability to subvocally rehearse.1093

Despite setting memory and processing demand according to each participant’s1094

individually measured spans, clear dual-task costs were observed in memory performance in1095

all four experiments. This finding differed from previous MCM research with titrated1096

demand that found little or no effect on memory (Cocchini et al., 2002; Doherty & Logie,1097

2016; Logie et al., 2004), and were more consistent with dual-task costs observed in previous1098

EP and TBRS studies. In contrast, dual-task costs on processing were either not present or1099

very small which was consistent with previous MCM studies on younger and older adults but1100

not consistent with EP and TBRS.1101

Predictions from each framework were based on supporting evidence from the1102

literature associated with each theoretical framework. The MCM predicted no dual-task1103

effects based on previous findings (e.g. Doherty & Logie, 2016) and based on the assumption1104

of a dedicated verbal store. As discussed previously, the assumption of a dedicated store1105

dates back to the findings of Baddeley and Hitch (1974) in which dual-task costs were only1106

observed at longer list lengths (hence the use of a titration procedure here to ensure list1107

lengths, and processing task speed, were appropriate for individual participant’s abilities).1108

In Experiments 1 and 2 (for memory), only the prediction by MCM for the effect of AS1109

for memory was supported by the data as a large effect of single- vs. dual-task was observed1110

in both experiments. TBRS predicted an additive effect of dual-task and AS on memory1111

accuracy in Experiments 1 and 2, as was found. As summarised previously, the TBRS theory1112

assumes that both storage and processing share, on a temporal basis, a common limited1113

attentional resource through the alternating occupation of an executive loop while, for verbal1114

maintenance, a domain-specific phonological loop can store some additional items to1115

supplement the executive loop (Barrouillet & Camos, 2015). The predicted pattern of1116
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additive effects of dual-task and AS predicted by TBRS and borne out in the data from1117

Experiments 1 and 2 is argued by TBRS to result from independent effects of diverting1118

attention away from refreshing and preventing subvocal rehearsal. TBRS also predicted the1119

relative magnitude of dual-task and AS effects, with AS having a greater impact on memory1120

accuracy presumably due to greater reliance on subvocal rehearsal mechanisms when they1121

are available, with the comparatively lower reliance on attention-based resources remaining1122

great enough to evoke a substantial dual-task cost.1123

EP also correctly predicted dual-task (and AS) effects on memory in Experiments 11124

and 2, yet attributed the cause to different mechanisms. The EP and TBRS approaches are1125

consistent in many ways, most notably the use of attention to assist memory maintenance. It1126

is therefore difficult to distinguish between the TBRS view in which the speed of1127

attention-based refreshing explains capacity, and the EP view in which capacity may1128

determine the speed of refreshing, with multiple items up to the capacity limit refreshed in1129

parallel (for simulations of these models see Lemaire, Pageot, Plancher, & Portrat, 2017).1130

EP also predicted an interaction between dual-task and AS, where a smaller dual-task1131

cost under AS was expected. The fact that these interactions were not observed is relatively1132

inconsequential for the framework as they were predicted based on arbitrary parameter1133

values; there was no attempt to tweak the model or optimize it to get the best fit, as is often1134

done in a model-fitting approach. Unlike TBRS, EP does not view the lack of interaction1135

between dual-task and AS factors as evidence for separate systems, as it is not clear whether1136

they would benefit performance in an additive or subadditive manner.1137

The MCM interpretation of the interim memory data from Experiments 1 and 2 was1138

that allowing participants full use of subvocal rehearsal and some attention-demanding1139

maintenance mechanism during the memory titration (i.e. titration being conducted in1140

silence) resulted in spans representing input from additional resources (e.g. a visual store,1141

mnemonics) rather than only the specialised short-term verbal memory store. This1142
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interpretation is supported by Doherty and Logie (2016) in which dual-task costs to1143

processing were observed with no cost to memory spans, argued to be due to the fact that1144

domain- or task-general attention-based sources could support memory performance (at a1145

cost to the processing task) but that memory could not support processing due to the1146

specialised nature of short term verbal storage resources. However, in Experiments 1 and 21147

dual-task effects on processing were null and small respectively (Experiments 3 and 41148

replicated the same pattern)2, suggesting no drop in performance to support memory. This1149

contrast with the findings from Doherty and Logie (2016) merits exploration in future1150

studies. It is notable that the lack of dual-task cost for processing is consistent with other1151

previous MCM studies (Logie et al., 2004).1152

To further investigate the possible additional support from attention-demanding1153

maintenance mechanisms, Experiments 3 and 4 aimed to reduce spans to be more1154

representative of the capacity of the verbal store argued by the MCM. Titrating under AS,1155

MCM presumed, would remove or reduce the ability of the participants to subvocally1156

rehearse verbal memory items, and so performance would rely solely on the number of items1157

they could store in verbal memory without rehearsal (auditory presentation), or on the1158

support afforded by both a verbal and a visual store (visual presentation). For Experiments1159

3 and 4 (visual and auditory presentation respectively) MCM therefore predicted at most1160

small effects of dual-task on verbal memory due to reliance on the verbal store and support1161

from the visual store, with a small cost to memory performance potentially arising from the1162

use of mnemonics being impaired by the processing task. However the MCM memory1163

2The differences in dual-task effects on processing across different memory presentation/recall formats

were not predicted or easily explained by any of the three frameworks. A follow up experiment had mixed

success in replicating the pattern (i.e. dual-task effect on processing only in the auditory/oral memory

condition), but this replication only occurred at the UK site. The effect remained small and so we concluded

that these small dual-task effects on processing are unreliable and possibly due to sampling effects. In any

regard, these dual-task effects were always considerably smaller than for memory. The experiment is reported

in the supplementary materials to this article.
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prediction was not supported by the data, as dual-task effects were larger than those1164

observed in Experiments 1 and 2 were observed. The MCM interpretation of the observed1165

effects speculates that, in the absence of rehearsal, people try to use mnemonic techniques to1166

support performance, and this involves repeated access to LTM that is also required for the1167

arithmetic verification task. It is notable that, in the original Baddeley and Hitch (1974)1168

experiments, a memory load of 3 items resulted in no impact on a reasoning or language1169

comprehension task performed during a retention interval. A memory load of 6 items did1170

affect performance on the interpolated processing task, but only on response time, not on1171

accuracy. It is possible that titrated span scoring generates an over-estimate of the capacity1172

of the phonological store, and as with the six-item memory list used by Baddeley and Hitch1173

(1974), our titrated memory span exceeded that capacity.1174

Conversely, TBRS and EP both correctly predicted that the dual-task effects on1175

memory in Experiments 3 and 4 would be larger than those observed in the previous1176

experiments. According to TBRS, the larger dual-task effect on memory in Experiments 31177

and 4 is interpreted as demonstrating the cost of diverting attention once tasks have been1178

titrated to a level relying solely on this mechanism due to the prevention of subvocal1179

rehearsal by AS. Forcing participants to rely on attentional refreshing results in span levels1180

indicative of the lower capacity of this mechanism for maintenance of verbal memoranda1181

compared to subvocal rehearsal. According to TBRS, the larger dual-task effect was1182

observed in Experiments 3 and 4 because of greater reliance on refreshing throughout.1183

Conversely, EP interpreted the larger dual-task effect to be due to the fact that the1184

processing task costs memory a certain fixed number of items by taking attention, and that1185

number of items results in a larger proportional loss when span has been reduced by1186

eliminating the contribution of subvocal rehearsal. While both interpretations are similar the1187

key difference is that TBRS specifies that the loss of memoranda during dual-task is due to1188

participants reduced ability to attentionally refresh memoranda, while EP attributes1189

forgetting to displacement of items from attention by the processing task.1190
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The null/small dual-task effects on processing in Experiments 1-4 most closely match1191

MCM predictions, as both TBRS and EP predicted medium/large effects. However, EP1192

revised their predictions for Experiments 3 and 4, removing the assumption of an1193

involvement of AS and interpretting the asymmetry in dual-task effects as being due to1194

preferential allocation of attention to the processing task at the expense of memory1195

performance. TBRS had assumed that since attention must be shared between memory and1196

processing that participants would share ‘perfectly’ between these two tasks and so the1197

framework predicted the same dual-task cost would be observed in both. However, typical1198

TBRS methodology has always placed a high priority on ensuring that participants are1199

performing the processing task at a reliable level of accuracy (typically 80%) in order to1200

ensure that the task reliably diverts attention away from refreshing memoranda. This1201

emphasis typically leads to the removal of participants who perform below the accuracy1202

criterion, though the majority of the sample is retained (e.g Camos et al., 2009, between ~1203

1-5% of participants removed; Vergauwe, Barrouillet, & Camos, 2009, between ~ 6-8%). It1204

appears, therefore, that although TBRS predicted dual-task costs in both tasks, the1205

asymmetry in which the dual-task costs are present only in memory is not inconsistent with1206

previous TBRS findings in which there are often large dual-task effects on memory, yet the1207

majority of participants are able to maintain processing performance >80% accuracy.1208

EP had predicted dual-task costs to processing based on other situations in which a1209

processing task has, in fact, been affected by a memory task. For example, Chen and Cowan1210

(2009) presented a 3-choice task, in which participants had to press one of three buttons1211

corresponding to a light on screen, with the task speed adjusted to produce errors. When1212

this processing task occurred between digits to be recalled, the increasing memory load had1213

a strong impact on 3-choice performance. The results of Vergauwe et al. (2014), in which1214

increasing memory loads affected processing task reaction times, also influenced EP1215

predictions on the speeded choice reaction time task used in this set of experiments. One1216

difference between these findings is that the arithmetic verification task is more demanding1217
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(Vergauwe et al., 2014 featured relatively simple spatial and parity judgement tasks), and so1218

EP speculates that it may not be possible for participants to divert attention during any one1219

processing episode in order to engage in mnemonic restoration.1220

Implications for MCM, TBRS, & EP theories1221

There was mixed success by each framework in predicting trends in the data, but all1222

missed large trends in the data. Each theory requires some reconsideration of its core1223

assumptions, or at least under what circumstances expected effects should be observed.1224

For example, MCM consistently predicted no dual-task effects on memory accuracy,1225

and incorrectly predicted that the titration under suppression manipulation would remove1226

the unexpected dual-task effect on memory observed in Experiments 1 and 2. MCM,1227

however, was the only theory to predict small/null dual-task effects on processing, though1228

the framework also predicted small dual-task:AS interactions that were not observed. These1229

interactions were predicted as evidence for a trade-off from the processing resource to1230

support memory when subvocal rehearsal was prevented/reduced by AS (small dual-task1231

effects were tentatively predicted by the MCM in Experiments 3 and 4 for the same reason).1232

Small yet statistically significant dual-task effects were only observed in auditory/oral1233

experiments, in which the MCM would assume that aurally presented verbal memoranda had1234

more immediate access to a phonological store and so performance would rely less on1235

recruitment of additional resources or the use of mnemonics and so should predict smaller1236

effects of dual-tasking on processing than when material is presented visually.1237

In sum, the MCM did not predict the large dual-task effects on memory accuracy, even1238

when the experimental procedure was altered with the goal of maximising the use of a1239

dedicated verbal store. The MCM processing predictions were a close approximation of the1240

processing data and the lack of small predicted interactions is not crucial for the framework1241
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which assumes separate resources for memory and processing. The between-experiment1242

interactions cannot be easily explained by the framework or serve as clear cut evidence of the1243

trade-offs in performance the theory assumes. By virtue of predicting small dual-task effects1244

on memory, the MCM did expect the large residual performance in memory performance1245

that was observed. MCM proposes that this residual memory performance is evidence for1246

the involvement of multiple supportive mechanisms for memory, since if only subvocal1247

rehearsal or attention supported verbal memory performance then the introduction of both1248

these costs should have very substantially reduced performance to a larger absolute degree1249

than observed. Although the effects on memory were medium or large relative to the1250

inter-subject variability, even the statistically large effects were small compared with the1251

overall performance. For example, from Figure 2 (Experiment 1), the dual-task condition1252

showed a ~10% drop in mean proportion correct relative to single-task both with and1253

without suppression. In Figure 4 (Experiment 2), the drop is around 15% in mean1254

proportion correct. These drops in accuracy are comparable with previous dual-task studies1255

in the MCM framework (e.g. Baddeley, 1986; Duff & Logie, 2001), although previous1256

research analysed data using ANOVA models, whereas here we analysed data using more1257

appropriate methods for accuracy data. While these effects may typically be labelled as1258

‘small’ in terms of changes in proportion correct, predictions on proportion correct are only1259

appropriate when dealing with computational models, and so scaling effects in the way1260

described in this paper provides information regarding the size of the dual-task cost in1261

relation to a reliable metric, i.e. between participant variability. In order to qualify1262

predictions expressed in terms of proportion correct one solution might be for MCM to1263

develop a computational model, or to adapt the existing qualitative model to predict effects1264

scaled to between-participant variability.1265

Although the MCM expected large residual performance, it should be noted that1266

neither TBRS and EP accounts predicted a performance drop to zero; TBRS would require1267

both AS and a cognitive load of ‘1’, i.e. complete attentional capture, in order to predict floor1268
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performance. In fact, the residual memory performance observed in these experiments closely1269

resembles that observed under extreme conditions of cognitive load (e.g. Barrouillet et al.,1270

2004). Likewise, EP posits that participants are able to split attention between tasks whilst1271

also benefiting from activations in LTM, and so would not expect floor performance with the1272

dual-task procedure utilised in the reported experiments. While neither EP nor TBRS makes1273

predictions about the size of the residual performance, even if they have implicit assumptions1274

that allow a plausible explanation for the residual that was observed, MCM is more explicit1275

in predicting a large residual. This illustrates a difference in emphasis between the theoretical1276

frameworks, with the former two focusing on the dual-task costs, while the latter focuses on1277

the substantial residual memory performance relative to modest dual-task effect costs to1278

proportion correct. Also, the MCM assumption of separate storage and processing stores was1279

based on previous findings where low correlations between memory and processing spans1280

were observed (e.g. Daneman & Hannon, 2007; Logie & Duff, 2007; Waters & Caplan, 1996),1281

and a post hoc analysis of the data from the current experiments reveals no statistically1282

significant correlations between memory and processing spans (for Experiments 1, 2, 3, & 4,1283

Pearson’s r coefficients were .24, .23, .27, & .01 respectively, all p>.05). The low level of1284

shared variance between memory and processing spans, to the MCM, indicates evidence for1285

separate components contributing to performance on each task and could explain the large1286

residual performance observed in even the most demanding experimental conditions reported1287

here. Again, the MCM focus on what performance remains and how separate working1288

memory components could account for this performance further demonstrates differences in1289

approaches between the theoretical frameworks and warrants further investigation.1290

The TBRS model successfully predicted both the presence of dual-task effects on1291

memory, their relative magnitude to AS effects, and that the dual-task effect size would1292

increase when span was measured under suppression. TBRS failed to predict the small/null1293

dual-task effects, and the lack of AS effects, on processing. It remains unclear whether this1294

theoretical framework requires modification to accommodate these findings. As already1295
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discussed, the asymmetric dual-task costs between memory and processing is not inconsistent1296

with previous TBRS research. However, the lack of an effect is somewhat inconsistent with1297

the findings of Vergauwe et al. (2014), where memory load was observed to affect processing1298

RTs. Since processing titration relied on increasing the speed of the arithmetic verification1299

task until participants’ accuracy dropped below 80%, it is logical to assume that any RT cost1300

to processing performance should be reflected in accuracy. A post hoc analysis of RT1301

revealed a small dual-task cost (see supplementary materials to this article). This RT cost1302

was either too small to impact speeded-response accuracy, or participants may be engaging1303

in some speed/accuracy trade-off that preserves performance on the task enough to prevent a1304

measurable drop in accuracy.1305

According to the TBRS model, a possible explanation for the lack of dual-task effects1306

on processing (one that does not require the separation of memory and processing resources,1307

or speculation of some representation-based interference based on1308

presentation/recall:processing dual-task interactions3), is that participants prioritized the1309

addition verification task over the memory task. Studies on dual-tasking have established1310

that interference between tasks can be modulated by priorities (Schumacher et al., 2001) and1311

external cues play a role in the way participants select their goals (Altmann & Trafton, 2002;1312

Jansen, Egmond, & Ridder, 2016). It is possible that the successive presentation of additions1313

on screen and the requirement to produce immediate responses led participants to prioritize1314

the verification task over the maintenance of letter lists. Vergauwe et al. (2014) detected1315

dual-task effects on processing only after trials with imperfectly recalled lists were removed1316

from the analysis: it may be the case that the effects resulting from resource sharing mainly1317

appear when tasks are explicitly or implicitly given priority by participants (e.g. due to their1318

immediacy) or by researchers (e.g. by designing paradigms that emphasise perfect or high1319

performance on one or the other task within a dual-task paradigm). Accounting for1320

3See the supplementary materials to this article for the between-subjects follow up investigation of these

interactions.
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prioritization phenomena within the TBRS model would require to specify the mechanisms1321

by which attention is devoted either to maintenance or processing activities and what are the1322

mechanisms that lead the executive loop to switch from one activity to the other, something1323

that the current version of the TBRS model does not. For example, it might be imagined1324

that remembering memory items is participants’ initial main goal in working memory tasks,1325

and that the occurrence of a to-be-processed distractor on screen would trigger the1326

re-instantiation of the task set associated with the concurrent task, thus leading attention to1327

switch from maintenance to processing. Beyond this preliminary suggestion, what is needed1328

is a temporally fine-grained description of the cognitive processes that successively take place1329

during dual-task completion as well as the internal (volitional, strategic) and external cues1330

that trigger them.1331

The EP framework (Cowan, 1988, 1999) has evolved since it was first proposed. Cowan1332

(1988) left open the issue of how much semantic information is automatically analyzed and1333

retained without attention, but the answer has to date appeared to be ‘little if any’ (e.g.1334

Conway, Cowan, & Bunting, 2001). Also, assumptions about attention and information1335

storage have changed; e.g. dual-modality memory task results of Saults and Cowan (2007)1336

suggested that when participants cannot rehearse to-be-recalled items, memory is limited to1337

three or four items. A psychometrically more thorough examiniation by Cowan, Saults, and1338

Blume (2014) suggest that instead, participants first widen attention to take in 3-4 items in1339

a set but then can quickly offload information to the activated portion of LTM. Cowan has1340

long realized that the EP is a modelling framework to be filled in, not a complete model; an1341

approach made clear by the revision of assumptions and predictions between Experiments 11342

& 2 and Experiments 3 & 4 in this paper.1343

Although the EP framework correctly predicted effects of processing on storage, and its1344

magnification under AS, the aspect of the results most surprising for the framework is the1345

absence of effects of concurrent storage on processing. A post hoc interpretation would1346
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concern the nature of the processing task, which might require attention but in a manner1347

that is obligatory rather than optional. Previous studies suggest that simple arithmetic can1348

involve direct retrieval from long-term memory as a preferred route of performance (e.g.1349

Geary & Wiley, 1991), and other work suggests that this long-term memory retrieval is1350

obligatory; people may not have the ability to modulate this use of attention to share with1351

other tasks while the retrieval is ongoing (Craik, Govoni, Naveh-Benjamin, & Anderson,1352

1996; Schneider & Shiffrin, 1977). This assumption can be implemented without a change in1353

the modeling framework but with an additional clarity in predictions, so that we would now1354

predict that attention costs would accrue to processing as well as storage provided that the1355

processing task was changed to one not requiring long-term memory retrieval (for a similar1356

approach see Ricker, Cowan, & Morey, 2010). The outcome of such research examining1357

different processing tasks in a dual-task design might not only explain the results reported1358

here but may also inform future iterations of the EP framework, and/or help distinguish1359

between MCM, TBRS, and EP accounts.1360

Conclusion1361

The present work aimed to contrast predictions from MCM, TBRS, and EP theories of1362

working memory by collaboratively designing a set of experiments for which (to the greatest1363

extent possible) disparate predictions could be generated by each theory. We focussed on the1364

absence/presence/magnitude of dual-task effects on a pairing of verbal memory and verbal1365

processing tasks, and on how AS modulated these effects. This research represents, to our1366

knowledge, the first attempt at an adversarial collaboration to contrast working memory1367

theories directly with the same experimental paradigm. Its main strength is the a priori1368

design considerations made for each of the theories, resulting in outcomes that challenge the1369

assumptions of all three models.1370

The experiments also highlight two novel challenges for adversarial collaborations.1371
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First, despite our initial assumptions based on the high level of debate in the working1372

memory literature, it is difficult to design experimental procedures that result in clearly1373

contrasting predictions from all three theories. The main differences between theories, at1374

least for dual-task effects, is in how effects are interpreted. This is most evident in how EP1375

and TBRS each explain the increased dual-task cost between Experiments 1 & 2 and1376

Experiments 3 & 4. By challenging the three theoretical frameworks with the observed data1377

patterns, the current experiments have highlighted the strengths and limitations of those1378

frameworks, while providing new insights into how working memory functions under1379

dual-task demands. However, to fully disentangle the subtle differences in interpretation will1380

require future effort for new experimental designs. The differences between the theoretical1381

frameworks are also highlighted by the tendency for MCM to focus on the substantial1382

residual performance that remains even under very demanding dual-task conditions, whereas1383

EP and TBRS focus on the presence of a drop in performance relative to single-task or low1384

cognitive load demands, suggesting that the differences may not be as substantial as they1385

appear. However, each of the three approaches would require modification to develop a more1386

integrated account for the current set of data, for previous data sets generated within each1387

framework and to generate more accurate predictions for future experiments.1388

Second, whilst the collaborative design process aimed to reduce post hoc1389

interpretations of effects, such explanations are unavoidable. We do not, however, view this1390

as a negative. Because the experiments were designed to take into consideration assumptions1391

from each theoretical framework the scale of post hoc explanation is considerably reduced1392

compared to what one might expect between competing theories researching and publishing1393

work independently. Instead, the adversarial collaboration approach has resulted in a set of1394

interpretations which rely on additional assumptions not directly tested here. These1395

interpretations present a clear roadmap for future research; e.g. whether task priority plays a1396

role in the distribution of dual-task costs, if/how the input from additional resources1397

supporting memory can be increased or reduced, and how the distribution of dual-task costs1398
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and/or the input from other mechanisms accounts for the residual performance in memory1399

accuracy.1400

Our findings support statistically large dual-task costs to memory accuracy that favour1401

a shared resource structure of working memory such as that proposed by TBRS and EP1402

accounts, but with residual memory performance that may indicate input from other1403

resources or mechanisms argued by the MCM. While this residual performance in and of1404

itself is insufficient to distinguish a ‘winning’ framework, both it and the asymmetry between1405

memory and processing dual-task costs pose questions as to whether working memory can1406

ever be explained by any one of these three frameworks, or whether some integrated1407

combination of the three accounts will be needed to provide a comprehensive explanation of1408

these and both previously published and future behavioural data.1409
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Table 1

Summary of the predictions from each of the three models for Experiments 1-4. Effect size

labels were used to aid the generation of differential qualitative predictions. Summaries of the

observed results are also listed. Mem. = Memory, Proc. = Processing, DT = dual-task, AS

= articulatory suppression, DT:AS = interaction, N.S. = non significant.

Experiment Effect MCM TBRS EP Observed

1 DT (Mem.) Small Medium Large Effect size = -0.73

DT (Proc.) Null Medium Large N.S.

AS (Mem.) Medium Large Large Effect size = -2.96

AS (Proc.) Null Small Large N.S.

DT:AS (Mem.) Small Null Medium N.S

DT:AS (Proc.) Small Null Medium N.S.

2 DT (Mem.) Null Medium Medium Effect size = -1.21

DT (Proc.) Null Medium Medium Effect size = -0.43

AS (Mem.) Large Large Medium Effect size = -2.00

AS (Proc.) Null Small Medium N.S.

DT:AS (Mem.) Null Null Medium N.S.

DT:AS (Proc.) Small Null Medium N.S.

3 DT (Mem.) Null/Small Medium Larger than Exps. 1 & 2 Effect size = -1.64

DT (Proc.) Null Large Null N.S.

4 DT (Mem.) Null/Small Equal to Exp. 3 Larger than Exp. 2 Effect size = -1.32

DT (Proc.) Null/Small Effect predicted* Null Effect size = -0.42

* No specified effect size
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Table 2

Memory and processing analyses from Experiment 1, displaying coefficient estimates and

standard errors from the winning models for each task. CH = Switzerland, UK = United

Kingdom, AS = articulatory suppression.

Task

Memory Processing

Intercept 1.190∗∗∗ (0.091) 1.410∗∗∗ (0.048)

Dual-task −0.356∗∗∗ (0.034)

AS −1.436∗∗∗ (0.034)

Site (CH/UK) 0.010 (0.129)

Dual-task:Site −0.143∗∗∗ (0.048)

AS:Site 0.191∗∗∗ (0.049)

Note: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01



DUAL-TASK COSTS IN WORKING MEMORY 71

Table 3

Memory and processing analyses from Experiment 2, displaying coefficient estimates and

standard errors from the winning models for each task. CH = Switzerland, UK = United

Kingdom.

Task

Memory Processing

Intercept 1.051∗∗∗ (0.083) 1.540∗∗∗ (0.054)

Dual-task −0.537∗∗∗ (0.033) −0.175∗∗∗ (0.024)

AS −0.890∗∗∗ (0.024)

Site (CH/UK) 0.304∗∗∗ (0.116)

Dual-task:Site −0.152∗∗∗ (0.047)

Note: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table 4

Mixed factorial analyses comparing memory and processing performance between Experiments

1 and 2, displaying coefficient estimates and standard errors from the winning models for

each task. AS = articulatory suppression, CH = Switzerland, UK = United Kingdom.

Task

Memory Processing

Intercept 1.080∗∗∗ (0.087) 1.539∗∗∗ (0.052)

Dual-task −0.539∗∗∗ (0.029) −0.175∗∗∗ (0.024)

AS −0.941∗∗∗ (0.029)

Format (AO/VT) 0.086 (0.122) −0.107 (0.073)

Site (CH/UK) 0.246∗∗ (0.122)

Dual-task:Format 0.185∗∗∗ (0.034) 0.133∗∗∗ (0.035)

AS:Format −0.452∗∗∗ (0.034)

Dual-task:Site −0.147∗∗∗ (0.034)

AS:Site 0.104∗∗∗ (0.034)

Format:Site −0.186 (0.168)

Note: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table 5

Memory and processing analyses from Experiment 3, displaying coefficient estimates and

standard errors from the winning models for each task. CH = Switzerland, UK = United

Kingdom.

Task

Memory Processing

Intercept 1.422∗∗∗ (0.178) 1.582∗∗∗ (0.064)

Dual-task −1.076∗∗∗ (0.087)

Site (CH/UK) 0.078 (0.250)

Dual-task:Site −0.321∗∗∗ (0.119)

Note: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table 6

Memory and processing analyses from Experiment 4, displaying coefficient estimates and

standard errors from the winning models for each task.

Task

Memory Processing

Intercept 1.428∗∗∗ (0.111) 1.696∗∗∗ (0.086)

Dual-task −0.759∗∗∗ (0.057) −0.182∗∗∗ (0.053)

Note: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table 7

Mixed factorial analyses comparing memory and processing performance between Experiments

1-4, displaying coefficient estimates and standard errors from the winning models for each

task. AO = Auditory/Oral, VT = Visual/Typed, AS = articulatory suppression.

Task

Memory Processing

Intercept 0.725∗∗∗ (0.064) 1.536∗∗∗ (0.047)

Dual-task −0.585∗∗∗ (0.023) −0.176∗∗∗ (0.022)

Format (AO/VT) −0.251∗∗∗ (0.091) −0.097 (0.061)

Titration (no AS/AS) 0.696∗∗∗ (0.117) 0.163∗∗∗ (0.063)

Dual-task:Format 0.201∗∗∗ (0.033) 0.129∗∗∗ (0.031)

Dual-task:Titration −0.172∗∗∗ (0.061)

Format:Titration 0.286∗ (0.167)

Dual-task:Format:Titration −0.687∗∗∗ (0.088)

Note: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Figure 1 . General trial sequences for Experiments 1-4, for visual/typed and auditory/oral

presentation and recall conditions. The “tone to initiate suppression” only occurred in the

AS conditions.
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Figure 2 . Mean memory accuracy with standard errors, across single- and dual-task conditions

both with and without articulatory suppression (AS) in Experiment 1. Data are split by site

(CH = Switzerland, UK = United Kingdom) to show interactions.
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Figure 3 . Mean processing accuracy with standard errors, across single- and dual-task

conditions both with and without articulatory suppression (AS) in Experiment 1.
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Figure 4 . Mean memory accuracy with standard errors, across single- and dual-task conditions

both with and without articulatory suppression (AS) in Experiment 2. Data are split by site

(CH = Switzerland, UK = United Kingdom) to show the dual-task:site interaction.
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Figure 5 . Mean processing accuracy with standard errors, across single- and dual-task

conditions both with and without articulatory suppression (AS) in Experiment 2
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Figure 6 . Mean memory accuracy with standard errors, across single- and dual-task conditions

both with and without articulatory suppression (AS) in Experiment 3.
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Figure 7 . Experiment 3: Mean processing accuracy with standard errors, across single- and

dual-task conditions both with and without articulatory suppression (AS) in Experiment 3.
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Figure 8 . Experiment 4: Mean memory accuracy with standard errors, across single- and

dual-task conditions both with and without articulatory suppression (AS) in Experiment 4.
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Figure 9 . Experiment 4: Mean processing accuracy with standard errors, across single- and

dual-task conditions both with and without articulatory suppression (AS) in Experiment 4.
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