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ABSTRACT 

The irrelevant sound effect (ISE) describes the disruption of processes involved in 

maintaining information in working memory (WM) when irrelevant noise is present in the 

environment. While some posit that the ISE arises due to split obligation of attention to the 

irrelevant sound and the to-be-remembered information, others have argued that background 

noise corrupts the order of information within WM. Support for the latter position comes from 

research showing that the ISE appears to be most robust in tasks that emphasize ordered 

maintenance by a serial rehearsal strategy, and diminished when rehearsal is discouraged or 

precluded by task characteristics. Evidence supporting such a stance has been used to create a 

narrow narrative in which the ISE should only emerge on tasks with ordered output demands, 

when a serial rehearsal strategy is used, and in the presence of changing-state auditory distractor 

sequences. However, an ISE has been documented in many situations that do not match the 

scenario described above, thus raising questions as to what specific factors and combination of 

factors give rise to the ISE. The present study aims to disentangle each of the proposed 

contributing variables to the ISE by using eight working memory tasks that vary based on 

demands and features in the presence of multiple sound conditions. Further, strategy use is 

assessed on a task-by-task basis using an informed, multi-step process. The results reveal 

patterns of the ISE that do not match the claims made by rehearsal-disruption nor attentional 

accounts, and instead support a narrative in which poor cognitive control likely leads to the 

adoption of ineffective strategies for memory maintenance, and the combination of such factors 

increases one’s susceptibility to disruption by irrelevant sounds.  
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INTRODUCTION 

A challenge faced in typical daily life is staying focused on information that is relevant to a 

current task (like reading, writing or brainstorming) while ignoring irrelevant external stimuli that 

may be present in our environment (like nearby chatter, traffic outside a window, or the humming 

of a printer). We are able to accomplish such tasks with the help of a sophisticated information 

processing system that allows us to effectively function in sensory-rich environments. Through 

mechanisms such as selective attention, information that is most relevant to a current task or goal 

can be selected for further conscious processing (Yantis, 2000), while irrelevant sensory 

information is unattended and irrelevant mental representations are inhibited. However, research 

shows that irrelevant sensory information in the environment is continually being processed, often 

without conscious awareness (Näätänen, 1992), and although this processing of “irrelevant” or 

unattended sources of input can lead to disruption of the focal behavior (Colle & Welsh, 1976), 

processing of task-irrelevant information has adaptive advantages. For example, inconsistencies 

within the environment can be an indication of danger that requires an immediate action (e.g., 

someone yelling “FIRE!” amid casual chatter), or a change in task goals can cause information 

that was previously deemed irrelevant to now be necessary for task completion (Koch, Lawo, 

Fels, & Vorländer, 2011). Here, our brain has conflicting jobs; irrelevant information should not be 

completely inhibited, as it may be necessary in the future, but allowing this information to seep 

into ongoing information processing can also hinder current goal-directed behavior by using up 

processing resources and potentially interfering with the mental representations of task-relevant 

information. Our auditory system is particularly susceptible to this conflict, as it is strikingly 

sensitive to changes in our environment and is not as flexibly controlled in terms of spatial 

locations where it can be directed (Koch et al., 2011).   

The Irrelevant Sound Effect 

So how does our brain manage the processing of irrelevant sound information, and how 

do we prevent such processing from turning into “interference”? Several theories attempt to 

discern the underlying processes that lead to interference and to identify the specific factors that 

might enhance, or attenuate, the disruptive effects of goal-irrelevant information. The irrelevant 
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sound effect (ISE) describes the disruptive effects of extraneous auditory sounds on information 

processing and short-term memory performance (Colle & Welsh, 1976; Robert W. Hughes, 

Tremblay, & Jones, 2005; D M Jones, Madden, & Miles, 1992; Lange, 2005; Salamé & Baddeley, 

1982). The ISE was first measured in 1976 by Colle and Welsh in a study in which participants 

were given a traditional serial recall task where the to-be-remembered (TBR) items consisted of 

eight visually presented letters. They were asked to complete this task under silent conditions and 

with sound made up of irrelevant speech, and the researchers noted a marked reduction in recall 

accuracy on the Sound trials compared to the Quiet trials. Since this first record of the ISE, the 

phenomenon has been studied in a variety of contexts and conditions, some of which produce an 

ISE while others do not. This variable pattern of findings has fueled and informed a debate over 

the mechanisms that underlie the ISE (Bell, Röer, Lang, & Buchner, 2019a; Bell, Röer, Lang, & 

Buchner, 2019b; Hughes, 2014; Jones & Tremblay, 2000; Jones et al., 1992; Lange, 2005; Le 

Compte, 1994; Marsh, Hughes, & Jones, 2009). The competing perspectives on the origins of the 

ISE are also sometimes grounded in disparate views of the basic mental machinery of working 

memory (WM), the internal system thought to support one’s ability to maintain and manipulate 

information in short-term memory tasks. Coming to a consensus on how and why the ISE occurs 

is of high priority for WM research, as this phenomenon has been deemed a benchmark finding 

that any theory of short-term memory should be able to explain (Oberauer et al., 2018). In order 

to reach this level of clarity, the ISE must be reproducible, generalize across materials and 

methodological variations, and be theoretically informative.  

What to Expect in This Dissertation 

In this paper, I will review recently cited explanations for the origins of the ISE. I will break 

down these accounts into their constituent components, describe key assumptions, and provide 

brief descriptions of the evidence that seems to support each view. I will then highlight 

problematic aspects of these explanations, and proffer evidence that highlights important missing 

pieces in each account. Next, I will describe the current project and how it fills in specific gaps in 

the extant ISE literature. I will end by revisiting the existing frameworks while exploring their 
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compatibility with the data patterns that unfold in the current project, and by providing my 

interpretation of which theory or theories are corroborated.    

ISE Frameworks 

Early accounts of the ISE assumed that the disruption of recall performance was due to 

direct interference between the contents of TBR and to-be-ignored (TBI) information streams 

within WM (Salamé & Baddeley, 1982). However, subsequent work failed to support such 

content-based explanations (Marsh et al., 2009a), so they will not be discussed at length in this 

paper (measures were taken when developing the current project to prevent the potential for 

content-based interference and such measures are highlighted in the methods section). 

Accordingly, a number of alternative explanations have been posited which claim that the ISE 

arises due to disruption of specific sub-processes that are instrumental in the encoding and 

maintenance of information in WM (process-based accounts), though a consensus has yet to be 

reached regarding the specific mechanisms responsible for the effect (Beaman & Jones, 1997; 

Bell, Röer, Dentale, & Buchner, 2012; Chein & Fiez, 2010; Jones et al., 1992; Jones, 1994; Röer, 

Bell, Dentale, & Buchner, 2011). 

Process-Based Interference Accounts of the ISE 

Process-based accounts of interference by irrelevant auditory noise are characterized by 

the claim that the disruption of short-term memory occurs when background sounds interfere with 

the mechanisms that are employed during encoding and maintenance of information in WM 

(Jones & Tremblay, 2000; Jones et al., 1992; Jones, 1994; Marsh, Hughes, & Jones, 2008). 

While this class of models includes interference by any event that shares similar processing 

resources with those required by the focal task (Hughes & Jones, 2005a), it can generally be 

further broken down into two factions: models asserting that the ISE arises due to disruption of 

attentional processes, and models attributing the phenomenon to disruption of the processes that 

support ordered maintenance of memoranda, namely serial rehearsal. 

Attentional accounts of the ISE. Attentional accounts contend that disruption occurs 

due to the split allocation of attentional resources to TBR and TBI objects (Cowan, 1995, 1999). 

Two versions have been posited to suggest how this redirection of attention occurs. The single-
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process attentional account describes an attentional capture mechanism that is triggered by a 

change in the neural model constructed based on previously heard sounds or expectations, and 

elicits an all-or-nothing attentional response to irrelevant distractor sounds (Robert W. Hughes, 

Vachon, & Jones, 2005). In other words, all attentional resources are (temporarily) redirected 

from the memory task to the irrelevant noise. A corollary of this account is that if the sound 

presented during a task matches the aggregate model of its predecessors, this reorientation 

response will not be triggered, and attentional resources will remain working on the memory task, 

thus producing better performance (Cowan, 1995; Robert W. Hughes, Vachon, et al., 2005). A 

further refinement of the attentional account asserts that attention is not allocated in an all-or-

nothing fashion, but rather can be directed away from TBR items in a graded fashion, where the 

amount of attentional resources redirected to the distractor noise can depend on various 

contextual and task conditions, such as a person’s previous exposure to the irrelevant sounds 

(Bell et al., 2019; Röer, Bell, & Buchner, 2014; Schröger, Giard, & Wolff, 2000). According to this 

graded-attentional model, all stimuli elicit a “call for attention” response in which attentional 

resources are used to process the distractor noise. Any sound processed during the call for 

attention then serves as an attentional filter for future stimuli, allowing us to adapt our responses 

to repetitive noise. If the next encountered distractor matches the attentional filter, less attentional 

resources will be used to process the sound and more resources will be available to complete the 

memory task. If a new sound does not match the attention filter, the call for attention response will 

be elicited again, redirecting attentional resources away from the TBR items (Bell et al., 2019). 

According to this model, a single-process attentional capture response is still possible if the TBI 

stream contains particularly salient content, such as a person’s name (Röer, Bell, & Buchner, 

2013). 

There is compelling support for attentional accounts of the ISE, although such accounts 

are often refuted by those espousing competing process-based interference accounts, which will 

be explained further in the next section. Imaging work supports the unique role of attention in 

auditory distraction as specific neuromarkers have been identified that reflect an attentional origin 

to the ISE (Bell, Dentale, Buchner, & Mayr, 2010; Campbell, Winkler, Kujala, & Näätänen, 2003; 
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Chein & Fiez, 2010). Using ERP measures, two distinct neural mechanisms have been identified 

in association with involuntary allocation of attention to novel sounds, while another is activated 

by deviant sounds (Escera, Alho, Winkler, & Naatanen, 1998). An exaggerated ISE has also been 

documented among adults diagnosed with Attention Deficit Hyperactivity Disorder (ADHD) 

compared to individuals without such diagnoses, and individual differences in susceptibility to 

interference by sounds correlate with the severity of attentional deficit symptoms (Pelletier, 

Hodgetts, Lafleur, Vincent, & Tremblay, 2013). Further, increasing an individual’s engagement in 

a focal task by means of enhancing difficulty or adding in task manipulations has been found to 

attenuate or eliminate the ISE (Halin, Marsh, Haga, Holmgren, & Sörqvist, 2014; Halin, Marsh, 

Hellman, Hellström, & Sörqvist, 2014). Such changes in engagement are thought to increase 

processing resources to the task, which in turn reduces the resources available for the undesired 

processing of the irrelevant sounds (Sörqvist & Marsh, 2015). This effect has been reflected in a 

decrease in auditory-evoked brainstem responses to irrelevant sound when task difficulty is high 

compared to low (Sörqvist, Stenfelt, & Rönnberg, 2012). Such changes in disruption by irrelevant 

sounds as a result of manipulating task engagement seem to reflect an attentional origin to the 

ISE. 

Order-interference accounts. It is important to note that the ISE has primarily been 

studied in the context of serial short-term memory tasks, and although there is documentation of 

the effect in experiments that do not require serial maintenance of information, the collection of 

evidence in this latter class of tasks is not as extensive or consistent as the former (Le Compte, 

1994; Salamé & Baddeley, 1990; Stokes & Arnell, 2012). With so much of the evidence emerging 

from studies involving serial recall tasks, it is perhaps unsurprising that a predominant view within 

the literature is that the ISE arises due to conflict between the preattentive and obligatory 

processing of a sound stream for order and the seriation processes used to encode and maintain 

the TBR stimuli in their correct presentation order (Beaman & Jones, 1997; Jones & Tremblay, 

2000; Jones et al., 1992; Jones, Hughes, & Macken, 2010; Jones, 1993; Macken, Mosdell, & 

Jones, 1999; Campbell, 2000). In other words, such views assume that the ISE is dependent on 

disruption of ordered information (Hughes, Tremblay, et al., 2005; Jones & Macken, 1993). Most 



 

 6 

such accounts make a crucial assumption that individuals employ a serial rehearsal maintenance 

strategy to maintain the order of TBR items when doing any type of serial recall task, which leads 

to a situation in which adoption of a rehearsal strategy is a necessary precondition for production 

of an ISE. By extension, the errors observed in serial short-term memory tasks are assumed to 

result from conflicting order cues produced by the processing of the irrelevant sound stream and 

the covert serial rehearsal of TBR items (Beaman & Jones, 1997, 1998; Jones, 1993; Jones & 

Macken, 1993; Macken, Mosdell, & Jones, 1999). I will refer to this collection of theories as 

rehearsal-disruption accounts to contrast them with other order-interference models, such as the 

Token-Gradient Model (Campbell et al., 2003), which attributes the ISE to conflict between 

ordered processes but places less emphasis on the coupling between rehearsal and seriation. 

The role of rehearsal was first specified in the Object-Oriented Episodic Record Model 

(O-OER), which asserted that it is the obligatory sequencing of the irrelevant sound stream that 

leads to disruption of serial rehearsal processes (Jones, 1993). In subsequent work, the same 

group of researchers advanced a Perceptual-Gestural Account, expanding the notion of 

“rehearsal” to include a broader category of output planning activities, or gestures (Jones, 

Hughes, & Macken, 2006). These mental output planning activities (gestures) can allow 

individuals to organize perceptually coded stimuli in a manner that is consistent with the output 

demands of a task. In the case of a serial recall task, participants are able to use their plan for 

ordered output to engage in rehearsal of TBR items that otherwise lack inherent organizational 

features. Unique to this account is the notion that irrelevant sounds can exert their disruptive 

effects on order during the perceptual, organizational processes (as proposed in the original O-

OER model), or during the planning of the output (Jones et al., 2006; Jones, Macken, & Nicholls, 

2004). 

An influential prediction emerging from these order-interference accounts is that a TBI 

stream made up of acoustically varying sounds (as opposed to one steady tone or the repeated 

presentation of a single sound token) should be especially disruptive to ongoing memorial 

processes. This prediction is generally referred to as the changing-state hypothesis (Beaman & 

Jones, 1997; Jones et al., 1992; Jones et al., 2010; Jones, 1994; Macken et al., 1999; Marsh, 
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Hughes, & Jones, 2009b). The changing-state hypothesis further refines rehearsal-disruption 

accounts by asserting that it is the changing-state nature of the irrelevant noise stream that 

causes it to be processed as an ordered sequence (Jones, 1993; Jones et al., 1992; Jones, 

1994). The ordered nature of this processing causes impairment of serial recall because the 

mechanisms required to preattentively organize the serial order of the TBI stream are too similar 

to, and in turn conflict with, the serial rehearsal processes employed to consciously remember the 

order of presentation of the TBR items (Robert W. Hughes & Jones, 2005b). Following this logic, 

tasks that do not necessitate serial order maintenance of the TBR information (i.e. do not 

encourage serial rehearsal) should show a weak or non-existent ISE in the presence of changing-

state sound streams.  

The duplex-mechanism account. Both rehearsal-disruption and attentional-capture 

accounts have found some evidential support within the literature, but there are also cases in 

which the effects predicted by such accounts do not emerge. The duplex-mechanism account 

addresses the shortcomings of these two frameworks and merges select features from each to 

create a more inclusive, albeit less parsimonious, theory of auditory distraction (Robert W. 

Hughes, 2014). This account claims that attention is drawn from a memory task when an 

irrelevant stream contains a deviant sound, but that other disruptions of irrelevant sound are due 

to order interference (Robert W. Hughes, Vachon, et al., 2005; Robert W. Hughes, Vachon, & 

Jones, 2007). The presence of these two distinct forms of distraction is supported through studies 

manipulating participants’ level of engagement on a task, and evidence that attentional capture by 

a deviant sound is attenuated when task engagement is stronger, whereas sound streams that 

produce process-based interference are unaffected by an increase in focal task engagement 

(Halin, Marsh, Haga, et al., 2014; Halin, Marsh, Hellman, et al., 2014). The effect has also been 

recently demonstrated by Hughes and Marsh (2019), who found that a spoken distractor 

sentence, which is proposed to elicit attentional diversion, produced a significantly stronger ISE 

than did a simple stream of changing-state spoken letters on a serial recall task. Further, the 

difference in effect magnitude between the more complex TBI sentence and simple changing-

state sounds was abolished when participants were forewarned about what the TBI stream would 
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sound like. Preexposure to the TBI stream was suspected to reduce the call for attention 

response, thus leaving any residual effects to be due to the changing-state nature of the 

irrelevant spoken sentence. Further, WM capacity has been linked to differential effects when a 

deviant sound is presented, but not when the irrelevant stream comprises a changing-state 

sequence; individuals with high WM capacity are less susceptible to disruption by a deviant 

sound compared to those with low capacity (Sörqvist, 2010). These differences in capacity do not 

emerge when changing-state sounds are used, suggesting that the deviant effect and changing-

state effect are caused by different cognitive mechanisms. 

The Role of Rehearsal in the ISE 

 While rehearsal-disruption accounts primarily emphasize the necessity of rehearsal to 

observe an ISE, such claims are accompanied by patterns of data that should not emerge in the 

absence of rehearsal. A collective list of these necessary findings is provided here, with a 

reminder that all of these effects must be reliably produced in the literature to achieve complete 

support for rehearsal-disruption accounts. The first two findings in this list are staple claims of the 

changing-state hypothesis, while the latter three are findings that, by extension of the changing-

state hypothesis, should not occur: (1) an ISE should emerge on order-based tasks when 

changing-state (CS) sounds (defined as a sound sequence where each successive sound token 

is different from the token preceding and following it, giving it a serial quality/allowing it to be 

processed for order) sounds are present; (2) CS sounds should be significantly more disruptive 

on ordered tasks compared to when steady-state (SS) sounds (defined as a repeated sequence 

of the same sound token that provides no order information) are present; (3) no ISE should 

emerge on ordered tasks when SS sounds are present; (4) no ISE should emerge on non-

ordered tasks when CS sounds are present; and (5) no ISE should emerge on ordered tasks 

when CS sounds are present and rehearsal is not used as a maintenance strategy. Throughout 

this paper I will refer back to these five patterns of data as “the critical claims.” 

 A substantial amount of evidence has been accumulated for the changing-state 

hypothesis, characterized by critical claims 1 and 2, showing a special effect of CS sounds 

compared to SS and Quiet control trials on order-based tasks (Beaman & Jones, 1997; Hughes & 
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Marsh, 2019, Exp 1; Jones, 1993; Jones et al., 1992; Jones et al., 2010) (which will be scrutinized 

in the next section). However, evidence for the remaining three points is not as consistent.  

Critical claim 3: No ISE should emerge on ordered tasks when SS sounds are present. 

Because SS sound streams have no obvious order component to them, these types of sounds 

should not elicit the obligatory ordered processing response that CS sounds do, and therefore 

should not interfere with the ordered mechanisms that support maintenance during a serial recall 

task. A classic study by Jones, Madden and Miles in 1992 is often cited as support for the 

changing-state hypothesis due to the recorded difference in serial recall between CS and SS 

sound trials. However, Experiments 3 and 4 from this work reveal a significant difference between 

a sound stream made up of a single-repeated letter and Quiet conditions, a finding that should 

not occur given no obvious conflict of process between the TBR and TBI streams of information. 

This pattern of data has been replicated by Bell and colleagues (2019), a study in which the 

authors observed a consistently disruptive effect of both steady-state speech and non-speech on 

serial recall performance. Further evidence has emerged more recently in my own work (Samper, 

Morrison, & Chein, in press), in a series of experiments demonstrating a consistently significant 

effect of both CS and SS sounds compared to Quiet control trials on a running memory span task 

requiring ordered recall of the last six items shown in a trial. Although there are only a few 

documented cases of the detrimental effect of SS sounds on ordered recall, these effects are 

often ignored and only considered in direct comparison to the effects of CS sounds. But, those 

cases for which this effect of SS sounds emerge are not in line with the changing-state 

hypothesis framework. 

Critical claim 4: No ISE should emerge on non-ordered tasks when CS sounds are 

present. This claim has produced the most conflicting evidence. The literature on the effect of CS 

sounds includes observation of a significant ISE on free recall (Beaman & Jones, 1998; Le 

Compte, 1994), recognition (Le Compte, 1994; Stokes & Arnell, 2012), missing-item (Beaman & 

Jones, 1997; Hughes & Marsh, 2019, Exp 2; LeCompte, 1996), and paired associates tasks 

(Beaman & Jones, 1997; Le Compte, 1994), all of which do not necessitate the processes of 

ordered maintenance, and therefore should not be vulnerable to interference by CS sounds. To 
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bring these findings into alignment with the changing-state hypothesis, the argument has been 

made that although these tasks do not require ordered maintenance, participants still engage in 

rehearsal (Beaman & Jones, 1997, 1998; Robert W. Hughes & Marsh, 2019), which produces 

ordered maintenance mechanisms that cause performance to be susceptible to process-based 

interference by CS sounds. This explanation is based on evidence showing the elimination of the 

changing-state effect when participants were required to perform articulatory suppression, an act 

of repeating a series of words, letters, or syllables verbally to prevent rehearsal (Beaman & 

Jones, 1997; Hanley, 1997; Neath, 2000; Salamé & Baddeley, 1982). This explanation has 

recently found support in work by Hughes and Marsh (2019) using a missing-item task for which 

ordered maintenance is not necessary. Strategy use on the task was measured using a 

retrospective, global self-report questionnaire, and the changing-state effect was confirmed to 

only emerge among those who reported using rehearsal, and to be absent among all other 

strategy users (who were collected into a “non-rehearsal” group).  

Critical claim 5: No ISE should emerge on ordered tasks when CS sounds are present 

and rehearsal is not used as a maintenance strategy. The work I have recently completed to test 

for the presence of an ISE in association with running memory span task performance represents 

the first explicit attempt to dissociate the task demand for seriation from the strategy of rehearsal. 

The running memory span task requires ordered recollective output, but discourages the use of a 

serial rehearsal strategy by virtue of the overall lengthy, and unpredictable, list length (each trial 

presents more than 12 sequential items, which is too many to successfully rehearse and which 

exceeds most estimates of the capacity for short-term maintenance), and thus requires 

participants to update, or rewrite, stored items as the later items are presented. To discourage 

rehearsal even further, we included a speeded version of the task which presented the TBR items 

at a rate of three items per second, a rate too fast to successfully establish a rehearsal plan. In a 

series of experiments, we found an effect of both CS (Experiments 1, 2 and 4) and SS 

(Experiment 3) sounds compared to Quiet controls on the speeded version of the task, with no 

significant differences recorded between the CS and SS trials. In two of the experiments, we also 

administered a retrospective self-report questionnaire following completion of the task (the same 
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questionnaire used by Hughes and Marsh (2019)) in order to gauge participants’ primary, 

secondary and tertiary strategies. Even when removing any participant who reported using 

rehearsal to any degree, we found no difference between “rehearsers” and “non-rehearsers” on 

running memory span recall performance under conditions of CS sounds (i.e. the magnitude of 

the ISE was not different across the two groups; Samper et al., in press). 

Evidence that challenges this last critical claim for rehearsal-disruption accounts is the 

most sparse, for multiple reasons. First, it requires the intentional dissociation of seriation and 

rehearsal in the study design. Second, the historical approach to promoting simple rehearsal has 

been to simply use a serial recall task. As we will see in the next section, assuming that rehearsal 

is the default strategy that subjects rely on when performing ordered recall tasks is a mistake that 

has been repeated since the first record of the ISE. Third, most of the prior work including a direct 

strategy assessment has relied on only retrospective, global, self-reports of strategy use. While 

this method of assessment can be informative and gives us a starting point for understanding the 

types of mental events that are most likely to have been elicited by participants during task 

performance, this method can also be criticized as being too imprecise (because subjective 

reports do not always accurately reflect internal processes; Dunlosky & Kane, 2007) and too 

coarse (because global retrospective summaries do not capture changes in participant strategy 

use that might occur on a trial-by-trial basis during the course of a task). Other studies have used 

an instructed strategy approach in which participants are trained in advance with the strategy that 

should be deployed when completing a task (Hockey, 1973; Souza & Oberauer, 2018). While this 

approach may have some advantages over retrospective self-reports, forcing a strategy on 

participants can conflate performance deficits caused by the ISE with deficits induced by the 

imposed use of a strategy that does not come naturally to a participant. As will also be discussed 

in the next section, there is evidence that rehearsal is not an effective strategy for optimizing 

short-term memory performance, so instructing this method could have deleterious effects, 

regardless of the influence of sound. 
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Strategy Use During WM Tasks 

A problem with rehearsal-disruption models is that serial rehearsal strategies are 

assumed to be employed when a person is completing a serial recall task, often without any 

direct assessment of strategy use. More importantly, these accounts rely on the use of an 

ordered maintenance strategy. Yet when analyzing the methods of all existing ISE papers, the 

use of a serial rehearsal strategy is always either assumed to occur, assumed to be implausible 

due to task manipulations or demands, or measured retrospectively with a self-report 

questionnaire. The importance of obtaining a scientifically valid assessment of a person’s strategy 

use can be found in the WM literature. In a study by Morrison and colleagues (2016), in which 

participants completed a battery of seven WM tasks, less than 50% of participants self-reported 

using a serial rehearsal strategy on an immediate serial recall task, a delayed serial recall task, 

and on a running memory span task, all of which require ordered output of memoranda. The 

finding that more than half of participants used alternate strategies on serial recall tasks provides 

more than ample reason to question the interpretation of previous studies presenting evidence in 

support of rehearsal-disruption accounts simply on the basis that a serial recall task was used. 

So, to summarize the problem: disruption of serial rehearsal processes is instrumental to 

many dominant theories of the ISE, but the veridical use of rehearsal among subjects is never 

demonstrated and is merely assumed based on task demands or weak manipulations. Even more 

problematic is the finding that an ISE can arise in tasks where rehearsal is a highly unlikely 

strategy, such as during speeded running memory task performance (Samper et al., in press), 

sequence learning tasks (Gisselgård, Uddén, Ingvar, & Petersson, 2007), serial recognition tasks 

(Gisselgård et al., 2007, Henson et al., 2007) and continuous statistical learning tasks (Neath, 

Guerard, Jalbert, Bireta, & Surprenant, 2009). For these reasons, it is crucial to assess under 

what conditions irrelevant background sounds are most consequential to performance, and what 

features of the task context are necessary and/or sufficient to produce the ISE.  

Within the broader WM literature (beyond studies specifically focused on the ISE), there 

is a fair amount of research showing that the strategy a person adopts on a WM task does have a 

significant impact on their performance. For instance, Bailey, Dunlosky and Kane (2011) have 
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shown that those who adapt strategy choice to specific task conditions outperform others on 

complex span tasks, which involve a secondary processing demand in between the presentation 

of each TBR item. Likewise, repeated practice with an instructed strategy that is especially 

effective for an n-back task can yield much higher than typical n-back task performance, and 

similarly strong performance is observed when an individual has successfully self-learned that 

effective strategy over a course of repeated practice (Malinovitch, Jakoby, & Ahissar, 2021). Of 

particular interest for the current paper is the effectiveness of rehearsal as a memory-enhancing 

strategy, though there has been very little work to date on this topic. Souza and Oberauer (2018) 

have shown that instructing an articulatory rehearsal strategy (either in a cumulative or fixed 

fashion) provided no improvement in serial recall and is overall an ineffective strategy to improve 

WM performance. This is an important finding to keep in mind, and the potential consequences of 

this phenomenon in the context of the ISE will be addressed in the discussion section. 
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THE CURRENT PROJECT 

As described above, not only is there conflicting evidence for rehearsal-disruption 

accounts of the ISE, but much of the support for these accounts makes assumptions about the 

role of strategy use that are not properly evaluated. Process-based interference accounts make 

claims that stress the importance of the type of task a person is completing, the type of sounds 

present during said task, and the type of strategy that the participant uses to complete said task. 

Because the presence or absence of an ISE is often studied under specific conditions primarily 

used to support or refute very defined theories of distraction, it is perhaps unsurprising that little is 

known about the general effect of irrelevant sounds on different types of short-term cognitive 

processing. To obtain a clearer idea of the causes of the ISE, it is crucial to assess the conditions 

under which irrelevant background sounds are most consequential to performance, including 

assessment not only of the task features that are necessary and/or sufficient to produce the ISE, 

but how they may combine with individual differences in strategic approach to the task. In order to 

scaffold this level of understanding, the current project takes a more inclusive approach than has 

been previously attempted: where task, task demands, strategy use, and sound types are all 

considered together to determine what combination(s) can produce an ISE. To this end, I used a 

novel multi-step method of strategy indexing in which participants are first introduced to potential 

alternative strategies, then self-select a strategy prior to undertaking each task, and then rate the 

degree to which they managed to use the strategy.  

Method 

 The aim of the current project is to investigate effects of sound (CS and SS) as a function 

of task, task features, and strategies.  

Participants 

One hundred five undergraduate and graduate students from Temple University (87% 

female) participated either voluntarily or in exchange for course credit. All participants met the 

following eligibility criteria: they were between the ages of 18 and 35 years old, native English 

speakers, had no familiarity with the German language, had normal or corrected-to-normal vision 
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and hearing, and had access to a computer with a working webcam, microphone and audio. All 

participants gave informed and written consent.  

Materials 

A strategy lesson was constructed that detailed how to use nine common short-term 

memory strategies, and is described in detail below. Eight WM tasks were created using 

Psychopy software and were administered to participants online via Pavlovia.org during a live, 

virtual session. The set of tasks used for this experiment were chosen and coded according to 

whether each task: (1) probed item memory with recall or recognition procedures; (2) did or did 

not include a delay in between TBR presentation and retrieval; (3) probed ordered or non-ordered 

item memory; and (4) did or did not require participants to either update the TBR contents during 

item presentation or to give a response during item presentation that was not part of the focal 

memory task. The tasks included were: immediate serial recall, delayed serial recall, free recall, 

complex WM span, running memory span, n-back, missing-item, and item recognition (see Table 

1 for a breakdown of all the included tasks and their respective features). In order to be able to 

compare performance across tasks, all tasks probed memory for lexical memoranda (with the 

exception of the missing-item task), and all TBR items were presented visually and sequentially. 

Each task consisted of three practice trials followed by nine experimental trials. 

 

 

Table 1. Each task and the presence or absence of four key features: a delay in between item 
presentation and response, a demand of ordered maintenance, a demand for recall responses, 
and the demand to either update memory items or the inclusion of a secondary processing task.  
 
 

To-Be-Remembered Stimuli. Word items used for all tasks besides the missing-item 

task were selected from the MRC Psycholinguistic Database (Wilson, 1988) with the following 

criteria: the words were one syllable, contained a maximum of six letters, had an imageability 

score of at least 500, and had a written frequency of at least 50. Within these constraints, 100 

words were selected and separated into five lists consisting of 19 to 22 words. All words within a 
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given list were chosen to be phonologically distinct (limited phonological overlap across the 

items), semantically distinct (limited semantic similarity between the items), and to not share 

common phonotactic or graphemic structures (i.e., words that contain ‘oo’ like book and pool 

were not included in the same list, even though they do not share phonological or semantic 

similarities). Other than the missing-item task (which used a closed-pool of written digits) and n-

back (which also required use of a closed pool of word stimuli), each trial of the remaining tasks 

selected words from one of the five lists, sampled randomly without replacement across the 

experiment. For the missing-item task, the digits 1 through 9 spelled out as words (e.g., one, two, 

three) were used. For the n-back task, each trial randomly selected words from one of the five 

lists with replacement, with the exception that there could be no repetition of words in a four-word 

span other than when an n-back trial was intended.  

To-Be-Ignored Stimuli. Participants completed each task under three sound conditions: 

two types of irrelevant sound trials (CS and SS) and Quiet control trials. During irrelevant sound 

trials, the sounds started in synchrony with the presentation of the first TBR item and ended right 

before the response procedure was initiated. The three practice trials consisted of one trial for 

each sound condition, while the nine experimental trials were made up of three trials per sound 

condition, tested in pseudorandomized order. For the item recognition task, a coding error 

occurred that resulted in non-randomized sampling of sound conditions per trial, the 

consequences of which will be described in detail in a later section. The sounds used for the CS 

trials were extracted from the audiobook version of Thinking Fast and Slow by Daniel Kahneman, 

narrated in German. Eighteen sequences were created in Adobe Audition lasting 30 seconds 

each. The narration was played at 1.5 speed and all long pauses were removed to ensure a 

steady pace. Each sequence was randomly selected, without replacement, from the pool of 

eighteen CS sounds for each CS trial in all tasks. The SS sequences were constructed by 

selecting a single syllable from the same German audiobook and repeating it for a duration of 30 

seconds. Eighteen sequences were created with a different syllable and each SS trial randomly 

selected one sequence without replacement for each task. 
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Many different types of irrelevant sound have been used in prior experimental work on 

the ISE, but the motivation for using contextualized speech sequences like those extracted from 

the German book recording was to use content that might resemble sounds encountered in a 

real-world setting (e.g., in an airport). While actual speech has often been used in previous ISE 

studies (Bell et al., 2012; Robert W. Hughes & Marsh, 2019) and has a naturalistic changing-state 

quality to it, using foreign language speech ensured that attentional capture by the content of the 

speech, as well as any between-stream semantic similarity (i.e., content-based interference; 

Salamé & Baddeley, 1982), would be minimized.  

Working Memory Tasks 

Immediate serial recall (ISR). Each trial presented seven words sequentially. Each trial 

began with a fixation cross presented for 500 milliseconds, followed by the word presentation for 

one second with an inter-stimulus interval (ISI) of 500 milliseconds where a fixation cross was 

again shown. Following the ISI after the presentation of the seventh word, participants were 

prompted to recall the seven words in the correct serial order. The recall prompt displayed the 

numbers 1 through 7 in a vertical line at the center of their screen and participants were 

instructed to type each word they remember from the trial in the respective serial position (i.e., the 

first word shown in the trial was to be entered in the “1” spot and the last word shown in the trial 

should be typed in the “7” spot). If they could not remember the word that corresponded with a 

certain serial position, they could leave the number spot blank. Participants had unlimited time for 

recall and submitted their responses by pressing the ‘space’ bar. After each trial participants were 

shown a feedback screen displaying the number of words out of seven they recalled in the correct 

serial position. 

Delayed serial recall (DSR). The DSR task was identical to the ISR task except there 

was a ten second delay following presentation of the seventh TBR word over which participants 

had to retain the TBR items in memory. After the delay, participants were prompted to recall the 

seven words in the correct serial order. All recall and scoring procedures are the same as 

detailed in the DSR task.   
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Free recall (FR). The FR task was identical to the DSR task up until the recall procedure. 

Following the ten second delay, participants were instructed to recall as many of the seven words 

as they could without regard for order. The recall screen did not display the numbers 1 through 7, 

but rather, participants were instructed to follow a similar procedure as in DSR and ISR recall by 

typing each word on its own line. Participants submitted their responses by pressing the ‘space’ 

bar and were shown the number of words they correctly recalled for that trial.  

Complex WM span (CWMS). Each trial presented seven words sequentially for one 

second each. In between the presentation of each TBR word, participants were shown a solved 

arithmetic equation (e.g., (5+3)/2 = 4) and asked to judge the veracity of the equation by a 

keyboard press of ‘C’ if it was correct or ‘I’ if it was incorrect. Each equation was randomly pulled 

from a list of 90 equations. Forty-five equations were solved correctly and the remaining 45 were 

incorrect. Each equation was constructed with single digits and required one part addition and 

one part division. For each of the 45 correct and incorrect equations, 23 equations had the 

division component first, and the remaining 22 required addition first. In typical implementation of 

this type of CWMS task, an experimenter either ensures that each successive item is presented 

immediately after responding to the equation (Kane & Engle, 2003), or automated timing is 

tailored to an individual’s speed of solving a set of practiced mathematical operations. In order to 

keep the time allotted to each task more or less consistent, the arithmetic equation was always 

presented for a fixed time of seven seconds for participants to respond before seeing the next 

TBR word. Once participants made their keyboard response of ‘C’ or ‘I’, the next TBR word was 

shown. After participants were shown seven TBR words and seven arithmetic equations, they 

were prompted to recall the TBR words in the order in which they were presented. The recall 

screen and functions were identical to those in the DSR and ISR tasks. 

Running memory span (RMS). This task was adapted from a version used by Bunting 

and colleagues (2006), and is similar to the fast version previously used by the author (Samper et 

al., in press) but with different recall procedures. Each trial presented anywhere from twelve to 

twenty words for 400 milliseconds each, with no ISI. After presentation of the last word, 

participants were prompted to recall the last seven words shown in the trial, in serial order. Seven 
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initially empty slots were again shown at recall, but each was numbered to indicate the actual 

serial position of the last seven words shown in that trial (i.e., in a trial with 16 words shown, the 

last seven words shown were items 10 through 16, and the recall slots were numbered 

accordingly). Participants submitted their responses by pressing the ‘space’ bar and were shown 

the number of words they correctly recalled in serial order for that trial. 

N-back (NB). The n-back task was created with a load factor of 3 (i.e., was always a 3-

back task). In each trial, participants were shown eighteen words sequentially for 1.5 seconds 

each, with an ISI of 500 milliseconds. When a new word was presented, participants were 

instructed to press the ‘S’ key if the word shown matched the word presented three words back 

(to indicate a “same” response), or to press “D” if the current word did not match the word three 

back (a “different” response). At the end of each trial, participants were shown a feedback screen 

displaying the percentage of words they responded correctly to.  

Missing-item (MI). In each trial of the MI task, the pool of TBR items was always the 

digits zero through nine, spelled out in word form. In each trial, nine of out the ten digits were 

shown sequentially for one second each, with an ISI of 500 milliseconds. After presentation of all 

nine TBR items, participants were instructed to recall the digit was not shown in that trial (i.e., the 

missing item) by pressing the numerical version of that digit on their keyboard. After making their 

response, participants were shown a feedback screen indicating whether the response was 

“Correct” or “Incorrect”.  

Item recognition (IR). Each trial presented seven words sequentially for one second 

each with an ISI of 500 milliseconds. Following presentation of the last TBR word, a recall screen 

displayed a probe word in blue ink. Participants were instructed to press the ‘Y’ key if the probe 

was one of the seven words shown in that trial, or to press the ‘N’ key if the probe was not shown 

in that trial. Fifty percent of trials showed a probe word that came from the first five words shown 

in the given trial, and the remaining 50% of trials pulled a lure word from the pool of seven words 

that had been shown in the prior trial. The same word list was never selected for consecutive 

trials in this task. After making their response, participants were given feedback indicating 

whether the response was “Correct” or “Incorrect”. 
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Strategy Assessment   

Each participant was given a lesson describing nine common maintenance strategies 

used on short-term memory tasks. There were three different versions of this lesson in which the 

strategies were shown in a different order, and the order of presentation was maintained 

throughout the experiment any time the participant saw the list of strategies. The strategies were 

labelled as rehearsal, focus, imagery, semantics, familiarity, association, display, sound, and 

checklist. A description of each strategy can be found in Table 2. ‘Grouping’ was not listed as a 

strategy on its own, but rather described to participants as a technique that could be used in 

combination with any of the other nine strategies listed above. Participants were provided with an 

example of how to use each strategy on its own and with a grouping technique.  

Assessing participants’ strategy use on each task was a multi-step process. After 

receiving instructions for a given task, the subject was provided with the list of the strategies and 

instructed to pick a strategy that they wanted to use for the task. Participants were able to 

complete three practice trials using the selected strategy before having to make a final decision 

about which strategy they would continue to use for the experimental trials, with the 

encouragement to choose a strategy the participant believed he or she could use easily and 

consistently on all nine remaining trials. Upon completion of the task, participants were asked to 

reflect on the strategy they used and to answer two questions: (1) for how many of the nine 

experimental trials did you use the strategy you selected? And (2) for how many of the nine 

experimental trials did you use a grouping technique along with your selected strategy? Both 

questions were accompanied by a 5 point rating scale with 1 = none of the trials, 2 = some of the 

trials, 3 = about half of the trials, 4 = most of the trials, and 5 = all of the trials. 
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Rehearsal Silently repeating a set of items in the order in which they were 
encountered. 

Focus Concentrating on each word as it is presented and mentally attending to 
the entire set of words. 

Imagery Creating a mental image or visual representation for words. 

Semantics Using the meaning of words to remember or connect them. 

Familiarity Remembering the words that are most familiar or recent to you. 

Association Thinking about other things that could relate to the words. 

Display Keeping a mental image of the text shown on the screen. 

Sound Thinking about the way the words sound and remembering them by their 
sound. 

Checklist Making a mental list of expected words and checking them off one by one 
as they appear. 

 
Table 2. The strategies available to participants to use on each task with the brief definition each 
participant saw. Note. Grouping was not presented as a strategy itself, but was explained as a 
technique to use in combination with any of the strategies shown here. Participants were provided 
with an example of how to use each strategy on its own and with a grouping technique. 
 
Demographics Questionnaire 

 Following the completion of all memory tasks, participants were instructed to fill out a 

brief demographic questionnaire. Information such as age, gender, college major, and semesters 

of college completed was collected, as well as assessments of factors that could have hindered 

their ability to perform their best on the memory tasks, such as the amount of sleep they got the 

night before and how tired they felt before entering the study session.  

Procedure 

 Due to University campus closures during the COVID-19 pandemic, the entire data 

collection process for this project occurred virtually over Zoom. Each participant was asked to 

read and sign the consent form and then shared their screen with the experimenter for the 

duration of the study session. Each session began with a roadmap detailing what to expect during 

the study visit, which was scheduled to last between 120 and 150 minutes. Once participants 

understood the layout of the study, they were instructed to open a document containing 
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descriptions of the nine strategies with examples of each. Each participant was assigned one of 

the three presentation order of strategies prior to beginning the session and this order of 

presentation was maintained for each task they completed. The experimenter verbally explained 

each strategy and confirmed the participant’s understanding of each strategy before moving on to 

the next. Participants were made aware that for all strategies they were to suppress any type of 

articulation behavior and that the experimenter would remind them of this if it became visible 

during any task that they were engaging in articulation. After the strategy lesson, the participant 

began the block of WM tasks. The order in which participants completed the tasks was pseudo-

randomized prior to the start of the session. Every task followed the same basic structure, which 

can be seen schematically in Figure 1.  

 

  

 
Figure 1. A schematic of the study design. Note. 
CS trial = a trial presented with German speech 
as the irrelevant sound; SS trial = a trial 
presented with a repeated German syllable as 
the irrelevant sound; Q trial = a trial with no 
irrelevant sound.  
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The instructions for the first task were displayed on the screen while the experimenter went over 

them verbally. After the participant understood their job for that task, they were shown the names 

of all nine strategies along with a corresponding number. They were instructed to press the 

number on their keyboard that corresponded with the strategy they wanted to try using on the 

practice trials. After confirming the strategy they selected, the participant completed the practice 

trials that included one trial per sound condition. After the practice, the participant was reminded 

of the strategy they selected prior to the practice. They were given the option to stick with the 

strategy they originally selected or to go back and select a different strategy, along with a 

reminder that they were encouraged to pick a strategy they would be able to consistently use on 

the experimental trials. Participants had access to the document with the strategy descriptions 

throughout the entire study session for reference. After making their final strategy selection, they 

began the nine experimental trials, comprising three trials of each sound condition. Due to the 

coding error in the IR task, each sound condition was not presented equally among lure and non-

lure trials. Participants were not aware of the error and completed all nine experimental trials, but 

their performance was only considered on one non-lure trial per sound condition. This will be 

further explained in the results section. Upon completion of the last trial, participants were shown 

the two follow-up questions regarding their strategy use. This concluded one task, and the same 

cycle repeated for the remaining seven tasks. Participants were given the opportunity to take 

breaks in between each task if they wished. Following completion of the last memory task, 

participants unshared their screen and filled out the brief demographic questionnaire. Submission 

of the form concluded the study session.  
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RESULTS 

Tasks 

Main and Interactive Effects of Task and Sound Condition. To evaluate performance on 

each task as a function of the sound conditions, a 3x7 repeated-measures ANOVA was 

conducted with the sound conditions (CS, SS and Quiet) and tasks (DSR, ISR, FR, CWMS, RMS, 

NB, and MI; the IR task was not included) as within-subjects factors. Results revealed a 

significant main effect of sound (F(2,140) =31.967, p < .001, partial h2 = .314) and a significant 

interaction between sound and task with a Huynh-Feldt correction (F(10.71,749.83) = 2.102, p = .019, 

partial h2 = .029), suggesting that the effect of the sound conditions was not the same across 

tasks. No main effect of task emerged (F(6,420) = 1.524, p = .169, partial h2 = .021). Planned post-

hoc contrasts found significant differences between CS and Quiet trials (F(1,70) = 65.145, p < 

.001), SS and Quiet trials (F(1,70) = 16.836, p < .001), and CS and SS trials (F(1,70) = 14.824, p < 

.001).  

To more directly evaluate which task features and conditions were most consequential to 

short-term memory performance in the presence of irrelevant background noise, I first compared 

overall performance between CS and Quiet, SS and Quiet, and CS and SS trials, for each task. 

To enable comparison across the different task types, for all recall tasks (ISR, DSR, CWMS, RMS 

and FR), performance is graphed in Figure 2 as the average percentage of words recalled 

correctly out of the seven words shown in each trial (e.g., if 4 of 7 were correctly recalled, this 

proportion was converted to 57%). For the MI task, performance was measured as the proportion 

of participants’ accuracy averaged across all nine trials, and again graphed as a percentage. For 

the NB task, the proportion of accuracy on only the 3-back targets was averaged for each trial, 

and then averaged across all experimental trials and graphed as a percentage. Due to the coding 

error on the IR task, performance could only be extracted from one non-lure trial per sound 

condition (e.g., one CS, one SS, and one Q) and each of the selected trials was the last non-lure 

instance of that sound trial in the block. Because of this small sampling, findings from the IR task 

should be interpreted with caution, and are graphed in muted colors. 
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As can be seen in Figure 2, performance across the sound conditions followed the 

generally expected pattern for most tasks, with Quiet conditions producing the highest scores and 

CS sound trials showing the most deleterious impact on performance. There were, however, a 

few exceptions. In the RMS task, for instance, performance on the CS trials was slightly better 

than that in the SS trials, although floor effects could have been present for this task. In the IR 

task, the CS condition produced the poorest performance, but average performance in the SS 

condition was better than that for the Quiet condition. The cost to performance caused by the 

presence of CS sounds was statistically significant (p < .05) in five out of the eight tasks when 

compared to Quiet trials, and in four tasks when compared to the presence of SS sounds (though 

this tally includes the problematically sampled IR task). The SS sounds themselves produced a 

statistically significant, or marginally significant (p < .1), ISE in five of the eight tasks. The 

observation that CS sounds were more disruptive than SS sounds selectively in the ISR, DSR, 

FR, and IR tasks is interesting and worth highlighting, since only two of these four tasks have an 

ordered recall requirement.  

 

Figure 2. Average percentage of accuracy across all nine experimental trials for changing-state 
(CS), steady-state (SS), and Quiet trials. For the ISR, DSR, FR, CWMS, and RMS tasks, 
accuracy is measured as the average number of words correctly recalled in a trial out of the 
possible seven. For the NB task, accuracy is the average number of 3-back words correctly 
identified in each trial. For the MI and IR tasks, accuracy is the average number of correct 
responses to the single-item probe from each trial. Note. For the IR task, each sound condition 
bar consists of data from one non-lure trial per participant. ~p < .1, *p < .05, **p < .01.  
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The effect size for each sound condition comparison is plotted in Figure 3. Of particular 

interest is the difference effect size between the CS and SS trials (a comparison, if significant on 

order-based tasks, known as the changing-state effect). Interestingly, the FR task, which does not 

require ordered output of memoranda, produced the largest difference between the two sound 

conditions. The next largest differences between CS and SS trials emerged in the ISR and DSR 

tasks, both of which require ordered recall. Taken collectively, a changing-state effect, as defined 

by Jones and colleagues (1992) only emerged on the ISR and DSR tasks.  

 

Figure 3. Summary of the effect sizes for the comparisons between changing-state (CS) and 
Quiet (Q), steady-state (SS) and Quiet, and changing-state and Quiet conditions across all tasks.   
 

Task Features 

 To evaluate performance as a function of key task features and sound conditions, an 

additional 3x4 repeated-measures ANOVA was conducted with the sound conditions (CS, SS and 

Quiet) and task features (order, recall, delay, and updating/distraction) as within-subjects factors. 

Results revealed a significant main effect of sound (F(2,198) = 29.518, p < .001, partial h2 = .230 ), 

but no main effect of task features (F(1.36,135.00) = .584, p = .496, partial h2 = .006). A significant 

sound by task feature interaction did emerge (Greenhouse-Geisser corrected F(2.76,273.52) = 4.327, 

p = .007, partial h2 = .042, suggesting that the effect of the sound conditions was not the same 
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across the different task feature classifications. Planned post-hoc contrasts again revealed 

significant differences between all three sound conditions (CS-Q: F(1,99) = 63.88, p < .001; SS-Q: 

F(1,99) = 17.30, p < .001; CS-SS: F(1,99) = 11.282, p = .001). The difference between CS and SS 

trials was significant in delay (t(99) = -3.914, p < .001) recall (t(102) = -3.878, p < .001) and ordered 

(t(102) = -2.675, p = .009) tasks (a value indicative of the changing-state effect), but not in 

updating/distraction tasks (t(100) = -.406), p = .686).   

Strategies 

Shifting attention to the evaluation of strategy use, the frequency with which each 

strategy was reported on each task can be seen in the bottom of Figure 4. The strong variation in 

strategy choice across all tasks suggests that participants were genuine in considering the 

relationship between task demands and the strategy they chose to use. In particular, the high 

prevalence of rehearsal relative to other strategies across the board is consistent with previous 

observations (Morrison et al., 2016), as is the relatively selective use of a checklist strategy on 

the MI task. Indeed, the distributions of strategies selected within each task in the present data, 

which used a prospective and guided approach to strategy choice, are strikingly similar to the 

distribution of strategy choices obtained by Morrison et al. (2016), which used similar tasks but 

assessed strategy use with a retrospective questionnaire; the correlation of the strategy choice 

patterns across the two studies is highly significant (r = .863, p < .001). While there may still be 

concerns with using these subjective approaches to capture internally enacted processes, this 

clear relationship provides some affirmation that these alternative approaches to assessing 

strategy use at least provide compatible findings (Samper et al., in press).  

As described in a prior section, a default, though sometimes implicit, assumption in 

previous studies of the ISE is that any task requiring ordered recall of memoranda should elicit 

preferential use of a serial rehearsal strategy. The strategy data obtained in the current work 

indicate that this assumption is not supported, as rehearsal, while often the most used strategy, 

accounted for fewer than 50% of participants on every task. As a relevant baseline, performance 

data from just the Quiet trials of each task, split by strategy group, is provided in the 

supplementary materials. Of particular interest for the current analysis is the combined effect of 
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strategy choice and sound on performance across the eight tasks. To investigate this effect, 

individuals’ scores on CS and SS trials were standardized using z-score normalization relative to 

their performance on the Quiet trials for each respective task. The normalized scores for each 

sound condition were then averaged across all tasks, and average subject scores grouped 

according to strategy choice. As can be seen in Figure 5, individuals who used rehearsal, focus, 

and checklist strategies were generally prone to disruptions by both CS and SS sounds, with the 

degree of disruption increasing on CS trials, while those who used imagery and semantics 

strategies seemed to be exclusively impacted by CS sounds. The effect of CS sounds was only 

significantly more disruptive than SS sounds among those who engaged in rehearsal and 

semantics. CS and SS sounds were equally consequential to performance for individuals who 

reported using either a focus or checklist strategy. The impact of using a grouping technique 

along with selected strategies was negligible, but the effect is considered in regards to the 

proposed ordered processing it could potentially elicit (Hughes & Marsh, 2019) in the 

supplementary materials.  

 

Figure 4. Top: Each task broken down by the task features that are present or absent. Bottom: 
Percentage of participants who reported using each strategy in each task. Note: ISR = immediate 
serial recall; DSR = delayed serial recall; FR = free recall; CWMS = complex working memory 
span; RMS = running memory span; NB = n-back; MI = missing-item; IR = item recognition. 
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Figure 5. Performance on changing-state (CS) and steady-state (SS) sound trials standardized to 
each participant’s individual performance on Quiet (Q) trials, averaged across all users of each 
strategy. Sample sizes are provided indicating the frequency with which each strategy was used 
on the experimental trials of a task. ~p < .1, *p < .05, **p < .01.    
 

The Critical Claims 

Additional analyses focused on evaluating the five critical claims made by rehearsal-

disruption accounts that were described in the introduction.  

(1) An ISE should emerge on order-based tasks when CS sounds are present. To 

broadly investigate this claim (and others), I averaged the standardized-to-Quiet scores for each 

sound condition across the five tasks that required order of memoranda to be maintained (ISR, 

DSR, CWMS, RMS, and NB). As can be seen in Figure 6a, CS sounds had a significantly 

disruptive effect compared to Quiet trials (t(102) = -7.063, p < .001, d = .696), supporting the first 

critical claim. Next, the ordered-recall tasks were separated to look at the data patterns in each 

task individually. The data from Figure 2 were re-represented to visualize just the order-based 

tasks for ease of interpretation and, as can be seen in Figure 6b, performance on CS sound trials 

was significantly worse compared to the Quiet control trials on all tasks besides RMS (and the 

absence of an effect in the RMS task might be the result of floor effects). Overall, the first critical 

claim is supported in the current data.  
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(2) CS sounds should be significantly more disruptive on ordered tasks compared 

to SS sounds. Examining the same data shown in Figure 6a, a numerical difference can be seen 

between CS sounds and SS sounds on all of the tasks having an ordered maintenance 

requirement. While this effect only emerges statistically on the ISR, DSR and NB tasks, the 

direction of the effect for the CWMS task matches the changing-state effect. Overall, these data 

seem to confirm the second critical claim.  

(3) No ISE should emerge on ordered tasks when SS sounds are present. Figure 6a 

again indicates a clear and significant effect of SS sounds (compared to Quiet control conditions) 

for all order-based tasks, and the significance of this effect is statistically indicated for all tasks 

other than the NB. This finding contradicts the third critical claim made by rehearsal-disruption 

accounts.   

 

Figure 6. a: Performance on steady-state (SS) and changing-state (CS) sound trials standardized 
to each participant’s individual performance on Quiet (Q) trials, averaged across all order-based 
tasks. b: re-representation of data from Figure 2 of the average accuracy on each order-based 
task graphed as a percentage.  ~p < .1, *p < .05, **p < .01.   
 

(4) No ISE should emerge on non-ordered tasks when CS sounds are present. To 

investigate this claim, the standardized-to-Quiet scores were averaged for each sound condition 

across the three tasks that lacked an order requirement (FR, MI and IR - though the reader is 

reminded that scores in the IR task come from just one trial of each sound condition). As can be 
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seen in Figure 7a, there is a significant effect of CS sounds compared to Quiet and SS trials 

across the non-ordered tasks. Taking a closer look at each task individually (Figure 7b, re-

representing the data from Figure 2), the effect of CS sounds seems to be coming primarily from 

the FR task. Because this task does not require order of the words to be maintained, the 

emergence of a changing-state effect does not support the fourth critical claim. However, one 

could make the argument, as has been done in previous work (Beaman & Jones, 1998), that 

individuals might still adopt a rehearsal strategy on the FR task despite the lack of a demand for 

ordered recall, which thereby creates the opportunity for CS sounds to disrupt performance 

compared to SS trials. To test this possibility, performance on the FR task was further 

dichotomized based on the strategy report data into “rehearse” and “non-rehearser” groups. 

Overall, performance was better for subjects who used a strategy other than rehearsal, but 

nonetheless, a significant changing-state effect emerged for both rehearsers (t(31) = -3.301, p = 

.002, d = .585) and non-rehearsers (t(66) = -2.524, p = .014, d = .308) , providing further evidence 

against the fourth critical claim of rehearsal-disruption accounts.  

 

Figure 7. a: Performance on steady-state (SS) and changing-state (CS) sound trials standardized 
to each participant’s individual performance on Quiet (Q) trials, averaged across all non-ordered 
tasks. b: re-representation of data from Figure 2 of the average accuracy on each non-ordered 
task graphed as a percentage. ~p < .1, *p < .05, **p < .01. 
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(5) No ISE should emerge on ordered tasks when CS sounds are present and 

rehearsal is not used as a maintenance strategy. To investigate this claim, standardized 

performance on the sound trials for subjects who reported using a strategy other than rehearsal 

was averaged across all order-based tasks (ISR, DSR, CWMS, RMS, NB). As can be seen in 

Figure 8a, there was a generally significant effect of sound compared to Quiet trials, but there 

was no meaningful difference between CS and SS trials. This pattern was reflected within each 

task individually (Figure 8b), suggesting that non-rehearsers are sensitive to disruption by any 

type of sound, and that this effect is not specific to CS or SS noise. Although there is a clear 

effect of CS sounds on performance, it is difficult to conclude if this pattern of data provides 

evidence against the fifth critical claim, as there was no special effect of CS sounds above and 

beyond the disruption caused by SS noise. According to rehearsal-disruption accounts, the 

interaction between the ordered mental events associated with rehearsal and the ordering of the 

CS auditory stream should cause a particularly disruptive effect on CS trials compared to SS 

trials, as SS sounds are less likely to elicit an ordered processing response. Because no 

differences emerged between CS and SS trials among non-rehearsers, this last pattern of 

findings could be taken as supportive of rehearsal-disruption accounts. However, in order to 

provide a more conclusive interpretation of this finding, the same comparison was repeated 

among only the rehearsers, to see if the predicted effect of greater disruption by CS sounds 

emerged among this group. As can be seen in Figure 9a, CS sounds were indeed more 

disruptive to rehearsers than SS sounds. This pattern emerged in all ordered tasks, but only 

reached statistical significance in the ISR and DSR tasks (Figure 9b). The evidence on this final 

critical claim is thus mixed. On the one hand, those who reported choice of a rehearsal strategy 

showed greater susceptibility to CS relative to SS sounds, which seems to affirm the predictions 

of a rehearsal-disruption account. But on the other hand, those who adopted non-rehearsal 

strategies should have been relative invulnerable to disruption by CS sounds, but instead showed 

a pattern of susceptibility to both CS and SS sounds.  
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Figure 8. a: Performance on steady-state (SS) and changing-state (CS) sound trials standardized 
to each participant’s individual performance on Quiet (Q) trials, averaged across all participants 
who reported using a strategy other than rehearsal on any ordered task. b: Average accuracy of 
non-rehearsers on each ordered task graphed as a percentage. ~p < .1, *p < .05, **p < .01. 
 
 

 

Figure 9. a: Performance on steady-state (SS) and changing-state (CS) sound trials standardized 
to each participant’s individual performance on Quiet (Q) trials, averaged across all participants 
who reported using a rehearsal strategy on any ordered task. b: Average accuracy of rehearsers 
on each ordered task graphed as a percentage. ~p < .1, *p < .05, **p < .01. 
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DISCUSSION 

The impairment of short-term memory by irrelevant background noise has been studied 

in a variety of contexts and has generated several theories that attempt to explain how and why 

the phenomenon occurs (Bell et al., 2019; Campbell et al., 2003; Halin, Marsh, Hellman, et al., 

2014; Hughes et al., 2007; Jones et al., 1992; LeCompte, 1996; Salamé & Baddeley, 1982). Each 

proposed theoretical framework has produced both supporting and conflicting evidence, and, as 

described above, attempts to dismiss potentially disconfirming evidence are often built upon 

assumptions that are not validly tested (Beaman & Jones, 1997, 1998). The purpose of the 

present study was to take a more comprehensive approach to task and strategy assessment in 

the context of the ISE, and to thereby enable exploration of specific preconditions that have been 

proposed as essential to the production of the ISE. By including eight WM tasks that varied in 

terms of demands and features under the variable conditions of CS and SS sounds, along with a 

careful assessment of strategy use, I was able to evaluate a set of task contexts where, 

according to rehearsal-disruption accounts, there should or should not be deleterious effects of 

irrelevant sound (Beaman & Jones, 1997; Hughes & Jones, 2003; Jones et al., 1992; Macken et 

al., 1999). During this investigation, isolated pieces of evidence have emerged that are consistent 

with previous work. However, several aspects of the data do not readily fit together in support of 

any extant theoretical framework.  

As noted earlier, strategy use during short-term retention has been proposed to have a 

determinative effect on the emergence of an ISE. The consequential role of rehearsal on serial 

recall tasks has been stressed for decades now, while veridical demonstration of strategy use has 

only recently been attempted using retrospective questionnaires (Hughes & Marsh, 2019; Samper 

et al., in press). Although limited, the use of such tools does provide a starting point from which to 

clarify which mental events are elicited during short-term maintenance. Perhaps more interesting 

is the accumulating evidence regarding the variability of strategies used on serial recall tasks that 

extend well beyond simple rehearsal (Hughes & Marsh, 2019; Morrison et al., 2016). The 

approach for strategy assessment deployed in the current work allowed participants to proactively 

self-select their strategy rather than retrospectively describe it (and rather than being encouraged 
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to follow a single experimentally instructed strategy). Even with this novel, sequential, approach 

to assessing strategy use, the data from the present study are highly consonant with strategy 

distributions reported through retrospective questionnaires (r = .863, p < .001; strategy data from 

Morrison et al., 2016). This finding is reassuring, and encourages the conclusion that previously 

used global retrospective assessments of strategy use, which are much quicker and easier to 

administer, are still likely to be representative of the strategies participants are in fact using, and 

might therefore be sufficient for future use. 

 Turning to the central question of how strategy choice might interact with vulnerability to 

interference by sound, supporters of a rehearsal-based explanation for the ISE might be 

encouraged by aspects of the present findings. These select researchers might see, for instance, 

that across the collective group of order-based tasks performance appears to be impaired on 

trials presented under conditions of CS sounds compared to SS sounds. If the only window into 

this phenomenon came from sampling these select serial recall tasks, and if rehearsal is simply 

assumed to be a default strategy on this collection of tasks, then such conclusions might be 

warranted. Indeed, this limited field of view characterizes much of the ISE literature to date 

(Beaman & Jones, 1998; Hughes, Hurlstone, Marsh, Jones, & Vachon, 2013; Jones & Macken, 

1993), and as such, it is unsurprising that the class of models that specify a role for rehearsal in 

producing the ISE have been so prominently advanced (Hughes, 2014; Hughes & Marsh, 2019; 

Jones et al., 2010). However, the current project contextualizes these effects within a wider 

landscape of observations, and from this wider vantage point it can be seen that the changing-

state effect is neither consistently observed among the collection of order-based tasks, nor 

isolated to ordered tasks in which rehearsal is used. 

 Changing-state sounds do appear to have a particularly detrimental effect on 

performance and this effect emerges across a range of short-term memory tasks. The results 

presented here replicate established findings in the literature of a changing-state effect on ISR 

and DSR tasks (Beaman & Jones, 1998), but also extend the literature by adding a number of 

tasks that have not typically been studied in the context of the ISE, such as the CWMS, RMS and 

NB tasks. It is within these less studied WM tasks where testing the claims made by rehearsal-



 

 36 

disruption accounts has been the most illuminating, as many of the critical predictions do not 

garner support from performance patterns observed with these tasks. For example, individuals 

who used rehearsal on the CWMS or RMS tasks experienced an impairment in performance on 

CS sound trials, but the degree of disruption did not noticeably exceed that produced by SS 

sounds even though these tasks meet the conditions that are expected to produce a changing-

state ISE under the rehearsal-disruption account; both of these tasks have a serial recall 

requirement and seem to have promoted the use of rehearsal in a plurality of subjects. 

 A previously documented inconsistency with rehearsal-disruption accounts that is 

replicated in the current work relates to the strong impairment of recall by CS sounds compared 

to SS conditions in the FR task (Beaman & Jones, 1998; Le Compte, 1994). This finding has 

formerly been tempered by the explanation that a rehearsal strategy is the default method 

adopted by individuals, so even though there is no obvious requirement to maintain the order of 

TBR items in the FR task, subjects do so implicitly, thus creating an opportunity for CS sounds to 

conflict with the order mechanisms elicited by rehearsal (Beaman & Jones, 1998; MI task: 

Hughes & Marsh, 2019). This explanation was explored in the current data by carefully assessing 

participant strategy use, but the finding that a statistically significant difference emerges between 

CS and SS trials among both rehearsers and non-rehearsers on the FR task fails to corroborate 

this explanation. As explained in greater detail in the supplementary materials, an order- or 

rehearsal-based explanation of the FR findings gains no further support from taking the further 

step of dichotomizing the non-rehearsers according to whether or not they also reported using a 

grouping technique (it has been previously suggested that grouping in and of itself might be a 

rudimentary form of seriation, and may thus elicit ordered mental events that can interact with CS 

sounds in a way similar to rehearsal; Hughes & Marsh, 2019). Indeed, CS sounds were found to 

be qualitatively more disruptive than SS sounds even among the subset of non-rehearsers who 

did not use grouping, providing yet further evidence against the likelihood that the ISE observed 

in the FR task was due to order-based interference.  

The MI task has also previously been shown to produce an effect of CS sounds, and, as 

with the FR task, it has been speculated that the MI task might in such cases have elicited a 
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serial rehearsal strategy that served as a vehicle for disruption by CS sounds (Hughes & Marsh, 

2019, Exp 2; LeCompte, 1996). Indeed, in a recent study, the effect of CS sounds on the MI task 

was found to be isolated to only rehearsers (Hughes & Marsh, 2019), supporting the idea that the 

changing-state effect is dependent on the serial nature of the focal-task processing. However, the 

current findings are inconsistent with this claim, as no ISE for either CS or SS sounds emerged 

on the MI task. Even when separating participants into rehearser and non-rehearser groups, no 

effect of either sound condition emerged.  

Collectively, the data from the current work include a strong effect of CS relative to SS 

sounds in a FR task where no trace of ordered maintenance is documented, and the lack of an 

effect of CS sounds on a non-ordered MI task even when the use of serial rehearsal was 

reported. Both of these data patterns evade explanation under the rehearsal-disruption 

perspective.  

 Attentional accounts of the ISE may provide some explanatory power for the present 

results, particularly in cases where CS sounds were found to be more disruptive than SS sounds 

(Röer et al., 2014; Schröger et al., 2000). The graded attentional account, as described in the 

introduction, asserts that the different sound tokens in a CS stream draw attention away from 

processing of the focal task because each successive token does not match the previous serving 

as the attentional filter (Röer et al., 2014). This theory could be extended to explain the 

particularly disruptive effects of CS sounds compared to SS that were observed in the DSR and 

FR tasks, as the delay in between TBR items and recall is likely to create a more extended 

opportunity for attention to be disengaged from the effortful maintenance of TBR words. 

Additionally, attentional accounts have found support in demonstrations of a non-specific or 

diminished ISE on tasks when difficulty or engagement is increased (Halin, Marsh, Haga, et al., 

2014; Halin, Marsh, Hellman, et al., 2014; Halin, Marsh, & Sörqvist, 2015; Marsh, Sörqvist, & 

Hughes, 2015). Previous work using an n-back task showed that increasing the central load from 

a 1-back to a 2-back boosted attentional engagement and, as a consequence, resulted in 

reduced peripheral processing of background sound (and hence, less disruption; Halin et al., 

2015). In the analysis of task features reported above, the ‘updating’ tasks (CWMS, RMS and 
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NB) were the only category that did not produce a significant difference between performance on 

CS and SS trials. One explanation could be that these tasks promote a higher degree of 

engagement (due to overwriting in the RMS task, the secondary processing task requirement of 

the CWMS, and the load factor and continuous demand of 3 in the n-back), and thus more 

attentional processing, which resulted in a non-specific effect of sound on performance.   

Although the present work shows that the consequential impact of rehearsal on 

performance is not restricted to order-based tasks (as claimed by rehearsal-disruption accounts), 

nor is it an inevitable outcome across all WM tasks, it would be remiss to not acknowledge that 

there does appear to be something special about rehearsal (as a maintenance strategy) that 

makes a person more susceptible to interference by CS sounds; and attention-based accounts 

provide no clear explanation for this pattern.  

An alternative explanation that might accommodate the collective pattern of data is that 

vulnerability to the ISE might be determined not by choice of strategy itself, but by one’s more 

general ability to exert cognitive control over goal-directed behaviors. Someone with the capacity 

for high proactive control may be better at choosing strategies that are suitable to given task 

demands. Accordingly, the observation that the ISE is sometimes larger among individuals who 

use rehearsal may simply reflect the fact that those who chose rehearsal are less able to be 

proactive about their strategy behavior, and thus tend to use rehearsal as a default. This 

explanation flips the presumed causal relationship between strategy choice (e.g., rehearsal) and 

vulnerability to the ISE. Namely, under this alternative view, the mental events elicited by 

rehearsal are not themselves what make an individual susceptible to disruption by irrelevant 

sounds, but rather, individuals who possess a weaker capacity for cognitive control, and who are 

thus inherently more susceptible to disruption by irrelevant noise, are more likely to adopt a 

rehearsal strategy. Under this account, one might also assume that individuals who use rehearsal 

should exhibit overall weaker task performance regardless of the presence of sound, and this is 

indeed an effect that has been previously documented (Souza & Oberauer, 2018). The 

supplementary materials include a related analysis of performance on only Quiet trials among 

users who reported that they were able to maintain their selected strategy throughout task 
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performance. Those data show that, at least for the tasks that place the heaviest demands on 

output planning (such as recall tasks where participants have to retain and recall multiple words), 

more passive strategies such as rehearsal (but also focus and familiarity) were overall less 

effective (associated with weaker performance). However, these strategy-performance 

differences were minimal in relation to the recognition tasks for which the output demand was just 

a single key press. This pattern of interaction may arise because individuals with poor cognitive 

control are also more inclined to choose strategies that require less mental effort, such as 

rehearsal, focus, familiarity, and display, and this less proactive approach to strategy choice is 

most consequential when there are greater output demands. Under this account, possessing a 

relatively weak ability to exert cognitive control on the focal task brings with it a concomitant 

tendency to pick strategies lacking in deeper processing.  

Strategies differ not only according to how much proactive control one might need to 

engage as they are selected, but also based on how much mental exertion is needed in order to 

properly execute and maintain the strategy. For example, more laborious strategies such as 

imagery and semantics, which require creating meaningful connections with the TBR words might 

also require more control to sustain over the course of a task. It is thus intriguing that the use of 

these strategies also seems to render less susceptibility to disruption by sounds, at least for the 

more demanding tasks. The theory of engagement has been previously documented in cases 

where increasing the difficulty or demands of a task has reduced the distracting effects of 

irrelevant background speech (Halin, Marsh, Haga, et al., 2014; Halin et al., 2015). It could be 

possible that the effect of engagement documented in previous studies is actually related to how 

task demands influence strategies; i.e., the result from adoption of a more effective strategy to 

combat the difficult task demands. In this case, the strategies requiring more mental effort may 

create a sort of protection from interference by irrelevant noise.  

Taking into consideration all analyses and data patterns discussed herein, the findings 

appear to support the direct predicted outcomes of rehearsal-disruption accounts, but not the 

indirect predictions. The data also do not conform easily to attentional accounts that have been 

advanced in the literature, as strategy does indeed seem to play a role in the presence and size 
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of the ISE. This pattern of results invites the potentially unwelcome (because it lacks parsimony) 

conclusion that vulnerability to background sounds in our environment cannot be explained 

through a singular mechanism. The ISE appears to arise through multiple mechanisms used 

during the course of maintenance, some dependent on task demands and strategy choice, each 

of which create some window for vulnerability to noise in the environment. The mechanisms 

through which the effect emerges are very much contingent on the task demands, the nature of 

the strategy one chooses, and potentially other features of the environment and TBR content.  

While the data described in the current work provide fertile grounds for testing the claims 

made by existing theoretical frameworks, future work still needs to address remaining gaps in the 

literature. First, the critical claims tested here should be properly investigated in the IR task, as 

the non-ordered, recognition aspects of this task make it an important space to test the indirect 

claims made by rehearsal-disruption theory. Second, the critical claims should be tested in the 

presence of other types of irrelevant sound streams, such as CS conditions with simple speech 

(e.g., speech comprised of different subsequent letters or numbers), non-speech (e.g., tones) 

sequences, and conditions with a continuous sound (Tremblay, Nicholls, Alford, & Jones, 2000), 

to home in on the specific features of sound that determine the degree to which they impact 

performance for varying task-strategy pairings. Further, the possibility that a rehearsal-specific 

ISE may arise due to poor cognitive control or less mental engagement deserves further empirical 

consideration. Because past and current work have provided enough reason to question the 

ordered processing of rehearsal as the determinative factor of disruption by CS sounds, future 

research should be directed toward identifying which aspects of cognition underlie the 

phenomenon and how they are related to rehearsal. In addition to the ISE being a benchmark of 

WM research, it is an essential phenomenon to understand in order to manage environments for 

everyday cognitive functioning and productivity. Understanding how and why our cognitions 

interact with irrelevant noise in our environment can help to identify what external conditions we 

should seek out or avoid in order to make us more efficient workers, and what internal conditions 

(i.e. strategies) might be most protective against environmental effects.   
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APPENDIX A: 
SUPPLEMENTARY FIGURES 

 
 

 
Figure A1. Average performance on Quiet trials across each task. Sample sizes are provided 
indicating the frequency with which each strategy was used on the experimental trials of a task. 
 

 

 

 

Figure A2. Average performance on Quiet trials across each task. The non-rehearser group 
includes subjects who reported using focus, imagery, semantics, familiarity, association, display, 
sound and checklist.  
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Figure A3. Average performance for each sound condition on the Free Recall (FR) task among 
subjects who reported using a strategy other than rehearsal and who reported using a grouping 
technique with their selected strategy on two or less trials. 
 
 
 
 
 

 
Figure A4. Average performance for each sound condition on the Missing-Item (MI) task among 
subjects who reported using a rehearsal strategy and those who reported using a strategy other 
than rehearsal.  


