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a b s t r a c t

The role of the compatibility between obligatory perceptual organization and the active

assembly of a motor-plan in auditory-verbal serial recall was examined. The classic finding

that serial recall is poorer with ear-alternating items was shown to be related to spatial-

source localization, thereby confirming a basic tenet of the perceptual-motor account

and disconfirming an early account characterizing the two ears as separate input-

channels (Experiment 1). Promoting the streaming-by-location of ear-alternating items—

and therefore the incompatibility between perceived and actual order—augmented the

ear-alternation effect (Experiment 2) whereas demoting streaming-by-location by reduc-

ing the regularity of the alternation attenuated it (Experiment 3). Finally, increasing the

perceptual variability of an ear-alternating list while demoting the likelihood of

streaming-by-location—by adding uncorrelated voice changes—also reduced the ear-

alternation effect as did articulatory suppression for that part of the list (pre-recency) asso-

ciated with motor-planning (Experiment 4). The results are incompatible with theories in

which perceptual variability impairs serial recall due to a deficit in encoding items into a

limited-capacity short-term memory space and instead point to a central role for percep-

tual and motor processes in serial short-term memory performance.

� 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).

Introduction

The ability to retain and reproduce a sequence of stim-

uli over the short-term has long been recognized as a fun-

damental aspect of cognition, playing a critical role in

many higher-level functions including problem-solving,

reasoning, speech processing, and language learning (e.g.,

Baddeley, 1986, 2007; Hurlstone, Hitch, & Baddeley,

2014; Lashley, 1951; Rosenbaum, Cohen, Jax, Weiss, &

van der Wel, 2007). Classically, the study of verbal short-

term memory has been wedded conceptually to the for-

malist, psycholinguistic, tradition (cf. Chomsky & Halle,

1968) in which the key unit of analysis is modality-

independent, phonological, representation (e.g., Baddeley,

2007, 2012; Baddeley & Hitch, 1974; Broadbent, 1958,

http://dx.doi.org/10.1016/j.jml.2016.04.006
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1984; Pashler, 1998). In this view, the capacity to recall a

series of verbal items is understood in terms of the opera-

tion of a dedicated but highly fragile system or representa-

tional space in which central (e.g., phonological)

representations of such items outlast their physical pres-

ence but are subject to inexorable decay or/and interfer-

ence from other structurally similar items (Baddeley,

2007). Accordingly, research set within this centralist view

has tended to focus on structural factors such as the dura-

tion of the short-term representation (e.g., Baddeley,

Thomson, & Buchanan, 1975; Barrouillet & Camos, 2014),

the particular mechanism by which it might be corrupted

by other events occupying the same memorial space (e.g.,

Neath, 2000; Oberauer, 2002), or the overall capacity of

that space (e.g., Cowan, 2001, 2015).

We argue here that an emphasis on the structural prop-

erties assumed to underpin short-term memory perfor-

mance has obscured a key role for general-purpose

perception and motor functions that have often been seen

as peripheral; merely providing the input to, and output

from, central short-term memory mechanisms. Indeed,

while some centralist accounts now make strong links

between short-term memory mechanisms and perception

and action processes (e.g., Page, Madge, Cumming, &

Norris, 2007), there is a burgeoning body of work suggest-

ing that a consideration of perceptual organization, motor-

planning, and the mapping between them may go a long

way to accounting for short-term memory phenomena

without having to invoke dedicated storage mechanisms

(e.g., Guérard & Tremblay, 2011; Hughes & Jones, 2005;

Hughes, Marsh, & Jones, 2009, 2011; Jones, Hughes, &

Macken, 2006, 2007; Jones, Macken, & Nicholls, 2004;

Macken, Taylor, & Jones, 2014, 2015; Maidment &

Macken, 2012; for related views, see Acheson &

MacDonald, 2009; MacDonald, 2016; Reisberg,

Rappaport, & O’Shaughnessy, 1984; Wilson & Fox, 2007).

The aim of the present research is to examine the way in

which the passive perceptual organization of the auditory

scene into coherent temporally-extended perceptual

objects or streams (cf. Bregman, 1990) is a key determinant

of the short-term reproduction of a spoken sequence. More

specifically, we study the importance of the compatibility

between the obligatory, non-volitional, organization of

spoken items according to their perceived spatial-source

and the active assembly of those items in their true tempo-

ral order in (subvocal) articulatory form. As a theoretical

counterpoint, we contrast the predictions of our

perceptual-motor account with ones allied to the centralist

view in which factors such as variation in spatial-source

are seen as compromising the initial encoding of items into

short-term memory rather than ones that affect processes

that are integral to short-term memory performance.

Serial short-term memory: a perceptual-motor approach

Present understanding of serial short-term memory is

based primarily on performance in a verbal serial recall

task in which, typically, around 5–8 verbal items (e.g., dig-

its, letters, words) are presented one at a time and which

must be reproduced in strict serial order following the last

item (Baddeley, 1966; Conrad, 1964). A key observation at

the heart of the perceptual-motor account is that the post-

categorical identities of the items in a serial recall list, by

design, exhibit very low transitional probabilities (i.e., the

predictability of an item given the preceding event(s) is

very low or zero; e.g., Miller & Chomsky, 1963): That is,

the Experimenter typically strips the list of supra-item fea-

tures—syntax, grammar, and semantic relations—that in a

normal linguistic sequence constrain the serial order of

its constituent elements (see, e.g., Jefferies, Lambon

Ralph, & Baddeley, 2004; Macken & Jones, 2003). At least

in relatively ‘pure’ serial recall tasks, in which the burden

falls entirely or primarily on reproducing item order rather

than individual item identity (cf. Baddeley, 2012), it is this

characteristic (alone) that makes serial recall challenging.

Accordingly, performance is superior when there is a good

match between the list and long-term sequential knowl-

edge (i.e., when the list-items exhibit relatively high tran-

sitional probabilities) such as with a list containing high-

frequency letter transitions (Miller & Selfridge, 1950), a list

of words that make up a grammatically legitimate sen-

tence (Jefferies et al., 2004), or a list that contains sub-

sequences already unitized in long-term memory due to

repeated exposure to, for instance, telephone or personal

identification numbers (Jones & Macken, 2015).

Given the lack of serial order constraints within the pre-

sented list, we argue that the motor-sequence planning

system (vocal-articulatory in the case of verbal serial

recall) is co-opted to impose such constraints. The skill of

speech (or more accurately, speech-planning) provides a

particularly effective medium for this purpose on account

of its inherent sequentiality, continuity, and prosodic and

co-articulatory nature. For example, the very act of (cov-

ertly) co-articulating the items—whereby the exact man-

ner in which the end of one speech element is articulated

depends on the next speech element (Sternberg, Wright,

Knoll, & Monsell, 1980)—generates new sequential infor-

mation (and hence constraints) not present in the list itself

(e.g., Woodward, Macken, & Jones, 2008). Importantly,

then, in the perceptual-motor account, the function of

articulatory rehearsal (or vocal-motor planning) is not

the refreshing of decaying representations within a distinct

verbal (phonological) store (or the conversion of visually-

presented items into phonological form; e.g., Baddeley,

2007) but rather the motoric sequential binding of other-

wise post-categorically unbound items.

A second key facet of the perceptual-motor approach is

a consideration of obligatory perceptual processes that

organize sensory input into coherent perceptual objects

(e.g., Wertheimer, 1923/1938). Of particular relevance are

the especially powerful processes of auditory scene analy-

sis that generate objects or ‘streams’; representations that,

unlike representations of visual stimuli, are inherently

sequential given the temporally-unfolding nature of sound

(e.g., Bregman, 1990). To elaborate, auditory sequential

streaming involves the computation of whether or not suc-

cessive sounds are emanating from the same environmen-

tal event and whether they should therefore be assigned to

the same stream (stream integration) or to different

streams (stream segregation), respectively. This is widely

assumed to be an obligatory, non-volitional, process

involving the preattentive processing of a variety of cues
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well characterized by Gestalt principles such as grouping

by similarity and ‘good continuity’ (e.g., Bregman, 1990;

Sussman, Bregman, & Lee, 2014; Sussman, Horváth,

Winkler, & Orr, 2007; Wertheimer, 1923/1938; Winkler,

Denham, & Nelken, 2009).

The relevance of auditory perceptual organization to

the ostensibly separate domain of serial short-term mem-

ory derives from the well-established relation between

auditory sequential streaming and serial order processing.

When stimuli that are distinct from one another but are

nevertheless relatively perceptually invariable on account

of some broader common ground (e.g., different words

spoken from the same location)—and hence are likely to

be integrated into a single stream—the order of those stim-

uli can be readily discerned and reported. Once non-

temporally-successive elements share a stronger common

ground than temporally-successive elements, however—

leading to stream segregation—the true temporal order of

elements becomes very difficult to identify. For example,

Bregman and Campbell (1971), in a study of stream-

segregation by fundamental-frequency, found that given

a looping sequence of three different high-frequency tones

(ABC) alternating with three different low-frequency tones

(123)—i.e., A1B2C3—listeners typically reported the order

of the tones as ABC123 (or 123ABC) but could not appre-

hend the order of tones from different frequency-ranges

(i.e., the actual temporal order of the tones, e.g., that 1 fol-

lowed A). This can be understood by supposing that the

two distinct frequency-ranges provided the basis for

assignment of the ABC tones to one stream and the assign-

ment of the 123 tones to another stream. However, the

perception of the changes carried on each stream (e.g.,

A–B–C) yielded cues as to the order of the stream’s con-

stituent elements such that within-stream, but not

across-stream, order was readily reportable.

Thus, the perceptual-motor account posits that rather

than reflecting dedicated systems or mechanisms, perfor-

mance in serial short-term memory tasks is based on

exploiting any matches between the list (or parts

thereof) and long-term semantic memory (see, e.g.,

Jones & Macken, 2015) and—to the extent that there is

no perfect match—on an episodic record of the active

motoric reconstruction of the list (regardless of list-

modality). In addition, with auditory presentation, the

episodic record of the way in which the sequence was

automatically perceptually organized may also support

(though may also hinder; see below) the reproduction

of the list (for a more extensive theoretical discussion,

see Macken et al., 2015). More generally, we assume that

all sensory processing—including processing of the simu-

lated sensory consequences of imminent motor-output

(cf. Clark, 2013)—produces an episodic record that out-

lasts the physical presence of the external stimuli or

the internal simulation and whose contents reflects the

way in which the sensory input was organized. To the

degree that all sensory and motor processes lead to last-

ing effects, we deem it unnecessary to demarcate a sub-

set of mental mechanisms that ‘store’ information:

storage is the by-product of other (perceptual and

motor-planning) processes (see also Craik & Lockhart,

1972).

There is already a relatively large body of work docu-

menting a key role for auditory perceptual organization

in numerous serial short-term memory phenomena,

including the disruptive effect of task-irrelevant sound on

serial recall (Jones, Alford, Bridges, Tremblay, & Macken,

1999), the advantage in the recall of the last few items of

an auditorily-compared to visually-presented list (i.e., the

modality effect; Nicholls & Jones, 2002; see also Macken,

Taylor, Kozlov, Hughes, & Jones, in preparation), and the

residual detrimental effect of phonological similarity on

auditory-verbal serial recall under conditions in which

articulatory rehearsal is impeded through articulatory sup-

pression (Jones et al., 2004, 2006, 2007; Maidment &

Macken, 2012). Our interest in the present paper centers

on the influence on serial recall of the degree of compati-

bility between the non-volitional perceptual streaming of

a spoken sequence and the deliberate assembly of a

motor-plan designed to support the serial reproduction

of the sequence.

Perceptual variability and auditory-verbal serial recall

We examine the role of perceptual-motor mapping here

in the context of a relatively neglected phenomenon: the

impairment of auditory-verbal serial recall when the list-

items are perceptually variable. Specifically, it has been

shown that serial recall is impaired markedly if the items

are presented in different voices (Goldinger, Pisoni, &

Logan, 1991; Greene, 1991; Hughes et al., 2009, 2011;

LeCompte & Watkins, 1993; Martin, Mullennix, Pisoni, &

Summers, 1989) or from different spatial locations (or vary

in terms of ear-of-presentation; e.g., Treisman, 1971).

Within the classical centralist approach to short-term

memory, these perceptual variability effects have been

interpreted in terms of a difficulty in initial item-

encoding that usurps resources needed for central

short-term storage. For example, the detrimental impact

of presenting items in different voices has been explained

in such terms. One variant of this item-encoding account
invokes the process of speech normalization whereby the

pre-categorical features of a spoken item (e.g., fundamen-

tal frequency, accent, speaking-rate) must be discarded at

the point of input in order to realize an idealized

abstract-phonological representation (e.g., Stevens, 1960).

In this view, when such precategorical features differ from

one item to the next in a serial recall task, the normaliza-

tion process is particularly stressed thereby impairing the

categorical encoding of each item and in turn impairing

the storage of items already in short-term memory (e.g.,

Martin et al., 1989; Mogensen, Miller, & Roodenrys,

2015). Another item-encoding account posits that precate-

gorical features of a spoken item are incorporated with its

abstract-linguistic content into the short-term memory

representation. To the extent that this incorporation pro-

cess, like speech-normalization, is resource-demanding, it

also impairs central short-term storage processes

(Goldinger et al., 1991; Nygaard, Sommers, & Pisoni,

1995). Of particular interest given the form of perceptual

variability focused upon in the present study, the detri-

mental effect on serial recall of presenting successive items

alternately to the two ears (e.g., Moray, 1960; Treisman,
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1971; see also Broadbent, 1954; Broadbent & Gregory,

1964) has also been explained in terms of an item-

encoding problem, though this time by recourse to an

attentional mechanism: ‘‘. . .there is a limit to the rate at

which attention can be shifted between the ears. This

attention shifting time would reduce the time available

for perception and storage. . .” (Treisman, 1971, p. 164).

It is notable that most models of short-term memory

have not explicitly addressed perceptual variability effects.

While we think this is remiss, it is understandable given

the traditional emphasis on post-perceptual, modality-

independent, mechanisms. Indeed, a core construct within

arguably the most prominent short-term memory models

is a distinct modality-independent phonological short-

term store (e.g., Baddeley, 2007; Burgess & Hitch, 1999,

2006; Henson, 1998; Page & Norris, 1998). As speech nor-

malization is a necessary assumption of all such

phonology-based models, they align naturally with a

speech-normalization account of the ear-alternation effect.

However, these and other models of short-term memory

models also retain the concept of a central executive that

controls the entry of stimuli into the short-term store (or

one of several such stores; Baddeley, 1996) or a limited ‘fo-

cus of attention’ (Cowan, 1999; Oberauer, 2002). Thus, the

idea that ear alternation demands a costly process of selec-

tive attention-switching to encode each item could also be

readily adopted by such models.

The goal of the present research is to show that per-

ceptual variability effects instead reveal a core, not

peripheral, role for perception and, more specifically, the

role of the compatibility between perceptual organization

and motor-planning, in auditory-verbal serial recall. Our

analysis begins with the observation that the centralist,

item-encoding, approach focuses on the deficit produced

under perceptually variable conditions. That is, the

impairment serves as an empirical referent for the central

or/and limited-capacity character of the cognitive struc-

tures assumed to support item-storage. In contrast, on

the perceptual-motor account, perceptual variability

effects bring into relief the accomplishment of obligatory

perceptual object-formation processes that, as a by-

product of their primary function, play a role in the rep-

resentation and reproduction of the order of items in

the typical, (relatively) perceptually invariable, spoken

serial recall list (e.g., items spoken in the same voice from

the same location). Specifically, we contend that the effect

of perceptual variability serves to reveal the fact that, in

the typical list in which successive items enjoy a great

deal of common ground (e.g., same spatial-source, same

voice), stream integration is a key mechanism by which

serial order is encoded and hence an important determi-

nant of performance. In particular, when the constituents

of a sequence are integrated passively into a single

stream, there is a relatively high level of compatibility

between the order of items as yielded by that integration

process and the order in which items need to be assem-

bled into the subvocal motor-plan. Thus, when the

sequence contains a high degree of perceptual variability

between successive items—to the extent that the variabil-

ity causes the sequence to be segregated into two (or

more) streams—the perception of order is incompatible

with the required motor-plan and hence recall is

impaired.

Present study

In previous work in which we began to reconceptualize

perceptual variability effects as a perceptual-motor map-

ping problem, we first replicated the finding that present-

ing items in an alternating female-male voice fashion (e.g.,

‘‘3, 1, 7, 4, 6, 2, 8, 5”; bold and underlined items in female

voice; remainder in male voice) impairs serial recall appre-

ciably (see also Greene, 1991; Mogensen et al., 2015). We

argued that this was due to the obligatory perceptual seg-

regation of items by voice yielding two sets of by-voice

order cues (3-7-6-8 and 1-4-2-5) that mismatched the

motor-planning of the true temporal order of the items

(i.e., 3 1 7 4 [. . .]). In line with this account, promoting such

stream segregation by allowing the segregation process to

‘build up’ during a voice-alternating lead-in (a countdown

into the to-be-remembered list, i.e., 8, 7, 6, 5, 4, 3, 2, 1 [. . .])

increased the cost of voice-alternation (see also current

Experiment 2). In the present article, we apply the

perceptual-motor account for the first time to the effects

of perceptual variability on the spatial dimension, specifi-

cally, variability in the ear to which successive spoken

items are presented (cf. Treisman, 1971).

As noted, classical accounts of the effect of ear-

alternation on verbal serial recall have been couched in

terms of the cost of switching a selective attention mecha-

nism that protects a central limited-capacity short-term

memory system from overload. In this view, the selection

mechanism is too slow to shift between the ears to ‘catch’

each item to give them access to the short-term store (e.g.,

Broadbent, 1958; Treisman, 1971). The normalization/

incorporation accounts of the impact of talker variability

on serial recall (Martin et al., 1989; Mogensen et al.,

2015; Nygaard et al., 1995) could also be extended readily

to the effect of ear alternation: In this view, rather than a

failure of timely attention-switching, the impairment

could either be attributed to having to strip each item of

ear-of-entry or spatial-location information—which would

be a nuisance variable in the task of achieving a canonical

abstract representation—or attributed to a cost of incorpo-

rating that information into the short-term memory repre-

sentation. (Conversely, the attention-switching account of

the ear-alternation effect could be readily applied to talker

variability effects; for a discussion, see Hughes et al., 2009,

2011.)

Our alternative, perceptual-motor, account of the ear-

alternation effect begins with a consideration of how the

auditory-perceptual system determines the spatial-source

of a sound. In a natural auditory scene, two main cues

are used for sound localization, which in turn is one of sev-

eral cues the auditory system uses to determine whether a

succession of sounds are emanating from the same envi-

ronmental object (e.g., a given talker) and hence whether

they should be assigned to the same stream. One is inter-

aural intensity difference (IID; e.g., Culling &

Summerfield, 1995): The greater the signal-energy

received by, say, the left ear compared to the right, the
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more the stimulus is assigned to the left of auditory space

(from the listener’s perspective). A second cue is inter-

aural time-difference (ITD; Darwin & Hukin, 1999): If, for

instance, the right ear receives the same spectral input

later than the left ear, again the stimulus will tend to be

assigned to the left portion of space as the sound-

emitting event must be closer to the left than the right

ear.2 In the context of serial recall, then, when items are pre-

sented from one spatial location (e.g., all presented to both

ears or all presented to one ear), the items will tend to be

assigned to a single coherent stream and hence perceived

order will map relatively well onto the required motor-

plan (assuming the absence of other cues promoting stream

segregation, e.g., alternating voices; Hughes et al., 2009).

With ear-alternating items, however, the auditory system

is likely to deduce that there are two environmental events

emanating from two different loci and thereby partition the

sequence into two streams, each containing serial order

information at odds with the required motor-plan.

We begin with a test of an axiomatic assumption of the

perceptual-motor account, namely, that the ear-

alternation effect is a by-product of streaming-by-

location. From this perspective, the ears per se are only

important in the ear-alternation effect insofar as IID can

be used to locate a sound in space, which in turn is just

one of several possible streaming cues. Showing that it is

spatial-source alternation that is key to the ‘ear’-

alternation effect, not alternation between the ears per

se, would also rule out an early variant of the item-

encoding hypothesis in which the effect is due to a

difficulty in switching attention between the ears as two

discrete structural input-channels (Treisman, 1971; see also

Broadbent, 1954; Cherry & Taylor, 1954). Specifically, then,

we test the prediction of the perceptual-motor account

that if items alternating between the ears were perceived

as coming from a common spatial source—and hence likely

to be assigned to the same stream—the ear-alternation

effect should be reduced or eliminated. To achieve this

apparently paradoxical set of affairs we adapt a technique

used by Deutsch (1979) in a study examining the difficulty

of recognizing a melody when its constituent tones are

alternated between the ears. Similar to the logic underpin-

ning the present experiment, Deutsch (1979) investigated

whether the difficulty was due to the fact that non-

adjacent tones in the melody were streamed-by-location—

based on their sharing a common IID—such that the order

relations between successive tones (critical for melody

recognition) could not be readily apprehended (cf.

Bregman & Campbell, 1971), rather than a problem of

switching attention between the ears. Of most relevance

here, she found that melody recognition with ear-

alternating tones improved dramatically if a drone was

presented along with each tone to the other (i.e., contralat-

eral) ear (see also Judd, 1979; Schubert & Parker, 1956).

This can be explained in terms of a mislocalization illusion

arising from a phenomenon known as auditory contralat-
eral induction (Warren & Bashford, 1976): As each tone

was presented, the contralateral drone served to reduce

the IID—including the intensity difference at the frequency

characterizing the target tone—such that the auditory sys-

tem was ‘fooled’ into perceiving the target tone as if it was

also present at the ear receiving the noise. As a result, the

listener would hear the target-tone as if it were presented

from a more frontal–central source. Thus, a succession of

ear-alternating tones would now have been perceived as

sharing a similar frontal–central spatial source and be

assigned, therefore, to a single coherent stream, restoring

thereby the perception of the temporal order between suc-

cessive tones of the melody (see Judd, 1979). In line with

the general argument forwarded here, Deutsch (1979)

argued that ‘‘when a decrement in integrating input to

the two ears occurs, this is due not to capacity limitation,

but rather to a mechanism which is imposed to prevent

confusion” (p. 3). Here we apply the contralateral

induction-based technique for the first time in the context

of the ear-alternation effect in serial recall.

Experiment 1

The upper section of Table 1 illustrates the four condi-

tions included in Experiment 1 (note that the ‘Lead-in’ col-

umn is only relevant to Experiment 2). In the Binaural
condition, each item in the list was presented to both ears.

In the Alt condition, they were presented to the two ears in

an alternating fashion. The main novel condition intro-

duced in this experiment is condition 4, Alt + noise: This

was identical to the Alt condition except each to-be-

remembered item was accompanied by a white noise-

burst presented to the contralateral ear (note that noise

rather than a drone has been shown to produce contralat-

eral induction in numerous studies; Judd, 1979; Schubert &

Parker, 1956; Warren & Bashford, 1976). Finally, a Binaural
+ noise condition was included to control for any effect of

the mere presence of alternating noise-bursts; here, the

to-be-remembered items were presented binaurally

together with noise-bursts alternating between the ears.

The perceptual-motor account predicts that introducing

the alternating noise-bursts to the Alt list (i.e., Alt + noise)
should induce a ‘to-the-centre’ (mis)localization of each

of the ear-alternating to-be-remembered items such that

those items would now tend to be assigned to a single

coherent stream in contrast to the tendency toward a

two-stream organization in the Alt (i.e., without noise)

condition. We predicted, therefore, that the noise should

reduce the ear-alternation effect: Whereas performance

in the Alt condition should be poorer than in the Binaural
condition (i.e., replicating the basic ear-alternation effect),

performance in the Alt + noise condition should be more

comparable to that in the Binaural condition. This

prediction contrasts with any item-encoding account of

perceptual variability effects that invokes the notion of

attention switching between two input-channels: The

noise, despite providing a mislocalization cue, does

not contain any information that can be used for

2 ITD is not relevant when a signal is presented solely to one headphone

or the other as was the case in the ear-alternating conditions of the current

as well as previous studies of the ear-alternation effect. This is because ITD

depends on the same signal reaching both ears (at some point) which, to all

intents and purposes, does not occur when signals are panned fully left or

right through headphones.
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discriminating the identity of each to-be-remembered

item. Thus, the need to switch attention between two

putative input-channels is the same in the Alt + noise as

in the Alt condition, leading to the prediction that, in this

view, the cost of alternation should not vary as a function

of the presence of noise-bursts.

Method

Participants
Thirty-six undergraduates from Cardiff University took

part in return for course credit. All reported normal hearing

and normal or corrected-to-normal vision.

Apparatus & materials
The experiment was controlled by a PC computer using

the E-Prime 1.1 software (Psychology Software Tools). The

to-be-remembered stimuli were sequences of eight items

taken without replacement from the digit set 1–8. Each

item was recorded digitally in a male voice and sampled

with a 16-bit resolution at sampling rate of 44.1 kHz using

Sound Forge 7.0 software (Sony Corporation, 2003). The

duration of each item was edited to 250 ms using the same

software. For each sequence, the digits were presented in a

pseudorandom order with the constraint that there were

no ascending or descending runs of more than two digits

(e.g., 3-4-5 or 8-7-6). The sequences were presented at

approximately 65 dB(A) over headphones with an inter-

stimulus interval (ISI; offset to onset) of 100 ms, giving a

presentation rate of one item per 350 ms.

Design
The experiment had a 2 (List-type: Binaural, Alt) by 2

(Noise: Present, Absent) by 8 (Serial position) fully

Table 1

A schematic representation of the conditions contrasted in each of Experiments 1–4. Single = Single ear; Alt = Alternating ears; reg = regular; irr = irregular;

# = noise burst. The different fonts used for each digit in the multi-voices conditions (Experiment 4) represent different voices. The four conditions of

Experiment 4 were undertaken in both a no-articulatory-suppression condition and a with-articulatory-suppression condition. See Method section of each

experiment for several other details not depicted in the table.
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repeated-measures design. Note that we used a binaural

sequence for the non-alternating condition in this experi-

ment (rather than single-ear presentation as we used in

subsequent experiments) to avoid the risk with single-ear

presentation—unlike binaural presentation—that the addi-

tion of an alternating noise-burst would mask every other

to-be-remembered item. In the Binaural + noise and Alt
+ noise conditions, a white noise-burst was presented at

the same intensity as the to-be-remembered items. Each

white noise-burst had the same duration (250 ms) and

the same onset as each to-be-remembered item; thus,

the ISI for the noise-bursts was also the same as for the

to-be-remembered items (100 ms). There were 80 trials

in total comprising a block of 40 trials in which the lists

were accompanied by alternating noise-bursts and another

40 trials in which they were not. Within each of these

blocks, there were 20 Binaural lists and 20 Alt lists inter-

mixed with the constraint that the same condition was

not presented more than twice in succession. Before each

block, there were two practice trials corresponding to the

two conditions represented in that block. The order of

blocks was counterbalanced across participants.

Procedure
Participants were tested individually in a dimly lit and

sound-attenuated room. For all conditions, after the pre-

sentation of the last to-be-remembered item of each list

the word recallwas displayed for 100 ms. Participants were

told that regardless of the type of list (binaural or alternat-

ing) that they should try to recall the to-be-remembered

digits in the actual temporal order in which they were pre-

sented by writing them on a response sheet in a strict left-

to-right fashion. They were instructed to guess if they were

uncertain of any digit’s position. Participants had 15 s to

recall each list. Three seconds before the end of the

response period, a 500 ms tone was presented over the

headphones to indicate that the presentation of the first

item of the next trial was imminent. The experiment took

approximately 45 min.

Results and discussion

For all experiments reported in the present article, the

raw data were scored according to the strict serial recall

criterion; an item was scored as correct only if it was

recalled in the same absolute position in which it was pre-

sented. Fig. 1 shows recall performance in each of the four

conditions of Experiment 1.

The results are clear-cut: The impairment caused by ear

alternation was markedly reduced when a noise burst was

presented to the ear contralateral to that receiving a to-be-

remembered item. A 2 (List-type: Binaural, Alt) � 2 (Noise:

Present, Absent) � 8 (Serial position) repeated-measures

ANOVA revealed a main effect of List-type, F(1,35)
= 24.94, MSE = .028, p < .001, g2

P = .42, reflecting a replica-

tion of the basic ear-alternation effect and, of greater inter-

est, the ear-alternation effect interacted with Noise, F
(1,35) = 12.08, MSE = .020, p = .001, g2

P = .26. Planned con-

trasts confirmed that the difference between Binaural and
Alt was considerably greater, F(1,35) = 28.95, MSE = .060,

p < .001, than when those same list-types were accompa-

nied by noise-bursts; indeed this latter difference did not

reach significance, F(1,35) = 3.47, MSE = .035, p = .071. A

further contrast showed that the improvement in perfor-

mance with ear-alternating items in the presence of noise

(i.e., the difference between Alt and Alt + noise conditions)

was indeed significant, F(1,35) = 10.19, MSE = .070,

p < .005. There was also a main effect of Noise, F(1,35)
= 4.27, MSE = .030, p = .046, g2

P = .11, a by-product of the

fact that one of the without-noise conditions (Alt) resulted
in poorer recall than the other conditions [noise per se

clearly had no direct impact on performance as indicated

by the absence of a significant difference, F < 1, between

Binaural (81% correct recall averaged across serial posi-

tions) and Binaural + noise (80% correct)].3

The results of Experiment 1 provide definitive evidence

that the ear-alternation effect in serial recall is not caused

by the alternation of the items between the ears per se but

is related to the fact that the degree of discrepancy in

intensity across the two ears is a major cue for localizing

sound in distal space (e.g., Culling & Summerfield, 1995).

When the IID for an item presented to one ear is reduced

by presenting a noise-burst to the contralateral ear, it is

mislocalized perceptually as having a more central spatial

source (Warren & Bashford, 1976). A succession of such
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Fig. 1. Mean percentage of items correctly recalled at each serial position

in each of the four conditions of Experiment 1, showing the reduction of

the ear-alternation effect in the presence of contralateral noise-bursts.

3 It might be suggested that the perceptual-motor account would predict

that ear-alternation should lead to a particular type of error whereby non-

adjacent pairs are output (e.g., ‘‘8-1” or/and ‘‘3-5” given the list ‘‘8-3-1-

5. . .”), reflecting the partitioning of the alternate items into two streams.

This is not, however, a necessary or strong prediction of the account: The

impairment due to ear alternation may well be as much due to the

additional burden of having to resist such by-stream recall as it is due to

actual by-stream recall. Nevertheless, for completeness, for each condition

in Experiment 1, we calculated the frequency of such non-adjacent pairings

regardless of the absolute serial positions at which they occurred in the

output (so for the example above, ‘‘3-5” would be scored as a non-adjacent

pairing even if it occurred late in the output) and divided this by the total

number of errors. No significant differences were found between any of the

four conditions.

132 R.W. Hughes et al. / Journal of Memory and Language 90 (2016) 126–146



centrally mislocalized ear-alternating items would thus

tend to be integrated into a single, coherent, stream. As a

result, perceived order—despite ear-alternation—is now

compatible with the to-be-reproduced order and hence

ear-alternation has little effect. The results also rule out

any item-encoding account of the ear-alternation effect

that appeals to early notions of a difficulty in switching

attention sufficiently rapidly between the ears as two

structurally discrete input-channels (e.g., Treisman,

1971): The presence of contralateral noise bursts would

not have altered the extent to which only one ear/input-

channel was receiving information required to identify

each item and hence would not have altered the need for

ear-switching.

The results of Experiment 1—while confirming a neces-

sary prediction of the perceptual-motor account and refut-

ing an early, ear/channel-switching, account—do not rule

out the item-encoding hypothesis more generally. The

hypothesis could readily accommodate the results of

Experiment 1 by supposing that attention needs to switch

between spatial sources (rather than ears per se) to encode

each item in the Alt but not in the Alt + noise condition.

Similarly, the normalization/incorporation variants of the

hypothesis could assume that the irrelevant information

to be discarded/incorporated is spatial-source information

rather than ear-of-entry per se. The three remaining exper-

iments of the present series do, however, speak to the ade-

quacy of the item-encoding hypothesis more generally as

well as providing further tests of the perceptual-motor

account.

Experiment 2

In Experiment 2, we capitalize on the fact that the

perceptual-motor account and the item-encoding hypoth-

esis make different predictions in relation to the impact

of pre-exposure to the ear-alternating pattern on the ear-

alternation effect. It is well established that stream segre-

gation takes some time to ‘build up’: given that stream

assignment involves a comparison of a stimulus to a

previously-established regularity, there must necessarily

be some accumulation of evidence for that regularity

(Bregman, 1990). For example, when listeners are pre-

sented with a sequence of alternating low- and high-

frequency tones, the auditory system’s default is to assume

initially the presence of a single (fluctuating) sound-source

such that all stimuli are assigned to one (albeit rather

unstable) stream. As the regularity of the repeating low-

tone and repeating high-tone pattern continues, however,

the auditory system eventually accrues sufficient evidence

that it is more probable that the stimulation is caused by

two distinct events, hence the low and high tones are split

into separate streams (Anstis & Saida, 1985; Beauvois &

Meddis, 1997; Bregman, 1978; Rogers & Bregman, 1993).

Based on the cumulative nature of stream segregation,

we sought here to promote the partitioning of ear-

alternating items into two streams by introducing a

(task-irrelevant) induction sequence (or ‘lead-in’) that pre-

ceded the to-be-remembered list. The lead-in was in the

form of a countdown (‘‘8, 7, 6 [. . .] 1” presented twice in

succession) presented in the same voice, and in the same

ear-alternating fashion, as the ear-alternating to-be-

remembered items. Our rationale was that the partitioning

of ear-alternating items into distinct streams would begin

during the lead-in such that an ensuing sequence of ear-

alternating to-be-remembered items would be more

clearly partitioned than would be the case in the absence

of a lead-in. Thus, if the effect is indeed driven by stream

segregation, the impairment of serial recall due to ear-

alternation (compared to a list presented to a single ear)

should be greater when such segregation is promoted by

a lead-in. The ‘Experiment 2’ section of Table 1 depicts

the four conditions contrasted. The Single and Alt condi-

tions (conditions 1 and 2) were supplemented by condi-

tions 3 and 4 in which a Single list and an Alt list,

respectively, was preceded by an alternating-ear lead-in.

The perceptual-motor account makes the unique predic-

tion that the impairment usually found in the Alt compared

to Single condition (i.e., the basic ear-alternation effect)

will be greater when a lead-in is introduced (note that

the Single + lead-in condition provides the most appropri-

ate comparison-condition to Alt + lead-in as it controls for

a possible effect of the mere presence of a lead-in).

Turning to predictions of the item-encoding hypothesis,

on the view that attention fails to ‘keep up’ with the

changes in spatial location in an ear-alternating list, there

are good reasons to expect that pre-exposure to the extent

and rhythm of the spatial changes should serve to entrain

attention such that it is better able to track those changes

by the time the to-be-remembered list begins. For exam-

ple, the time taken to identify the features of a target-

sound is facilitated if attention is entrained via a preceding

sequence of irrelevant sounds to the rhythm of the sounds

and hence the temporal onset of the target-sound (Jones,

Moynihan, MacKenzie, & Puente, 2002). Similarly, the pro-

vision of a cue regarding the probable frequency (Mondor

& Bregman, 1994) or location (Mondor & Zatorre, 1995)

of an upcoming target-sound facilitates responding to

other dimensions of that sound (e.g., its duration). Thus,

on the item-encoding hypothesis, an ear-alternating lead-

in should, if anything, facilitate the timely encoding of

the ear-alternating to-be-remembered items and hence

serial recall should be impaired to a lesser extent (than

with an ear-alternating list in the absence of the lead-in).

The same prediction follows from the perceptual normal-

ization/incorporation accounts: It is well established that

perceptual processes become attuned over time to what-

ever perceptual variability (e.g., talker, accent, speaking

rate, location, and so on) is to be eliminated (normalization

account) or retained (incorporation account) from the

speech signal (e.g., Diehl, Souther, & Convis, 1980; Kidd,

1989). Again, therefore, pre-exposure to the pattern of

ear/location-alternation via a lead-in should, if anything,

facilitate item-encoding and thereby reduce the ear-

alternation effect.

Finally, to the extent that we have demonstrated previ-

ously that a (voice-) alternating lead-in accentuates the

voice-alternation effect (Hughes et al., 2009), the present

experiment will speak to our assumption that the ear-

and voice-alternation effect are underpinned by common

(perceptual-motor) mechanisms. Such identicality in the
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empirical character of the two effects would also buttress

our supposition that item-encoding accounts of the

voice-alternation effect (Mogensen et al., 2015) should

also, in principle, apply to the ear-alternation effect.

Method

Participants
Twenty undergraduates from Cardiff University took

part in return for course credit. All reported normal hearing

and normal or corrected-to-normal vision.

Apparatus and materials
As illustrated in Table 1, in the Single condition, the to-

be-remembered lists were presented to a single ear (for

half these lists, all the items were presented to the left

ear; for the other half, all items were presented to the right

ear). In the Alt condition, the to-be-remembered lists were

presented in an ear-alternating fashion (whether the first

item was presented to the left or right ear was counterbal-

anced). The Single + lead-in and Alt + lead-in conditions

were identical to the Single and Alt conditions, respectively,
except that a lead-in (an ‘‘8-1” countdown presented

twice) was presented in an ear-alternating fashion before

the to-be-remembered list. The last item of the lead-in

was always presented to the ear opposite to that receiving

the first item of the to-be-remembered list (regardless of

whether that to-be-remembered list was a single-ear or

ear-alternating list). The soundfiles used for the lead-in

digits were the same as those for the to-be-remembered

lists and the timing for the lead-in (item-duration and

ISI) was also identical to that for the to-be-remembered

lists.

Design and procedure
These aspects of the method were identical to those for

Experiment 1 except that, effectively, the manipulation of

the presence (or not) of noise-bursts was replaced with

that of the presence (or not) of a lead-in. Participants were

told that for one block of trials the spoken list would be

preceded by two countdowns.

Results and discussion

The percentage of items correctly recalled in order as a

function of the four conditions [2 (Lead-in: Present,

Absent) � 2 (List-type: Single, Alt)] across the eight serial

positions is shown in Fig. 2. The pattern confirms the

prediction of the perceptual-motor account and can be

summarized in terms of two main results: First, the basic

ear-alternation effect was again replicated: Recall was

poorer in both conditions involving an ear-alternating

to-be-remembered list (i.e., Alt and Alt + Lead-in) than in

conditions involving a single-ear to-be-remembered list

(i.e., Single and Single + Lead-in). Second, and of most

interest, recall of an ear-alternating list (but not a single-

ear list) was particularly poor when it was preceded by a

lead-in; that is, a lead-in increased the magnitude of the

ear-alternation effect.

A 2 (Lead-in: Present, Absent) � 2 (List-type: Single,

Alt) � 8 (Serial position) analysis of variance (ANOVA)

showed a main effect of Serial position, F(7,133) = 79.25,

MSE = .129, p < .001, g2
P = .81. There was no main effect of

Lead-in, F < 1, indicating that a lead-in, in and of itself,

did not affect recall. However, there was a main effect of

List-type, F(1,19) = 28.97, MSE = .044, p < .001, g2
P = .60,

replicating the ear-alternation effect and, of most interest,

a significant interaction between Lead-in and List-type, F
(1,19) = 7.05, MSE = .013, p < .02, g2

P = .27, reflecting the

fact that the impairment with an ear-alternating list was

greater when it was preceded by a lead-in. For complete-

ness, we note that there were also significant interactions

between Lead-in and Serial position, F(7,133) = 2.68,

MSE = .013, p < .05, and between List-type and Serial posi-

tion, F(7,133) = 7.13, MSE = .020, p < .001, though we will

not attempt to attach any functional significance to these.

Experiment 2 showed that the deleterious effect of ear-

alternation on serial recall is increased by pre-exposure to

the ear-alternating pattern of stimuli. Importantly, the

lead-in per se did not have any effect in and of itself as

indicated by the fact that it had no effect on single-ear list

recall; thus, its effect on an ear-alternating list is selective

and cannot be attributed to some general processing load.

We argue, therefore, that the ear-alternating lead-in pro-

vided an accumulation of evidence that there were two dif-

ferent sources of information such that by the time the

alternating to-be-remembered list started, the partitioning

of the items into two streams was stronger than in the

absence of the lead-in (cf. Rogers & Bregman, 1993). This

stronger partitioning into streams would exacerbate the

difficulty of mapping the items onto a motor-plan designed

to support the reproduction of the items in their actual, not

perceived, temporal order. At the same time, the results are

at odds the item-encoding hypothesis which would have

predicted that pre-exposure to the pattern of ear/location

alternation should ease the burden on attention-

switching or perceptual normalization/incorporation and

hence reduce the impact of ear alternation. We note,

finally, that the fact that the ear-alternation effect is influ-

enced in the same way by an alternating lead-in sequence

as reported previously in the context of voice alternation

(Hughes et al., 2009) reinforces our view that they are

underpinned by a common mechanism.

Experiment 3

In Experiment 3, we use the converse analytic device to

that of Experiment 2 to garner convergent evidence to

adjudicate between the two theoretical approaches: We

now sought to demote stream segregation (thereby pre-

dicting, on the perceptual-motor account, a reduction of

the ear-alternation effect as in Experiment 1) using a

manipulation that should at the same time increase the

burden on item-encoding (thereby predicting, from the

standpoint of the item-encoding cost hypothesis, an

increase in the ear-alternation effect). Specifically, we

introduced an ear-alternating condition in which the

alternation between left (L) and right ears (R) was irregular

within a trial and where that irregular pattern was also

unpredictable from trial to trial (e.g., LLRLRRLR

followed by, e.g., RLRRLRLL, etc.) and contrasted this
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Alternation-irregular (Alt-Irr) condition with a condition in

which the alternation was regular and fixed (and hence

predictable) across trials (i.e., the same as the Alt condi-

tions of Experiments 1 and 2; now labelled Alt-Reg for this

experiment; for an illustration of the three conditions, see

the ‘Experiment 3’ section of Table 1). Thus, in the Alt-Irr
condition, stream segregation of successive items would

now be demoted on the grounds that segregation is a func-

tion of the regularity and frequency with which non-

successive sounds exhibit mutual belongingness

(Bregman, 1990) and hence the impact of ear-alternation

should be reduced in this condition. In relation to the

item-encoding hypothesis, in contrast, attention-

switching or perceptual normalization/incorporation

would be expected to be under greater duress in the Alt-
Irr compared to the Alt-Reg condition: Irregular and unpre-

dictable alternation should reduce markedly the opportu-

nity to anticipate the need (or not) to switch attention

for each item or to anticipate the spatial information to

be discarded/incorporated (cf. Mondor & Bregman, 1994;

Mondor & Zatorre, 1995). Thus, the item-encoding

accounts predict a greater impairment with irregular com-

pared to regular ear-alternating items.

Method

Participants
Seventeen undergraduates from Cardiff University took

part in return for course credit.

Apparatus, materials, design & procedure
All these aspects of the method were the same as in

Experiments 1 and 2 except for the following. The design

comprised two within-participant factors. The first was

List-type with three levels implemented across three sepa-

rate blocks of trials: (1) Single (as in Experiment 2); (2) Alt-
Reg in which the eight to-be-remembered items were

alternated between the ears in a regular fashion (e.g.,

LRLRLRLR) for all trials; and (3) Alt-Irr in which items alter-

nated between the ears in a different, irregular, fashion

(e.g., LRRLRLLR) for each trial across a block (cf. Table 1).

The irregularity was in fact pseudo-random given that we

imposed the constraints that no more than two items

could be presented to the same ear in succession and that

each ear would, as in the Alt-Reg condition, receive four

items over the course of the trial. The second factor was

Serial position. There were 60 experimental trials divided

into three blocks: 20 trials for each of the three levels of

List-type. Each block was preceded by two practice trials

corresponding to the condition represented in that block.

The order in which the three blocks were undertaken

was counterbalanced across participants. The experiment

took approximately 35 min.

Results and discussion

Fig. 3 shows serial recall performance in the Single, Alt-
Reg, and Alt-Irr conditions across the eight serial positions.

It is clearly evident that the effect of ear-alternation was

larger in the Alt-Reg condition than in the Alt-Irr condition.
A 3 by 8 repeated-measures ANOVA confirmed this

impression: There was a main effect of Serial position, F
(7,112) = 87.70, MSE = 9.51, p < .001, g2

P = .85, and a main

effect of List-type, F(2,32) = 13.42, MSE = 9.23, p < .001,

g2
P = .46. Planned contrasts revealed a significant difference

between the Single and Alt-Reg conditions, F(1,16) = 23.07,

MSE = 20.24, p < .001, g2
P = .59, but only a non-significant

trend for a difference between Single and Alt-Irr conditions,
F(1,16) = 2.68, MSE = 14.23, p = .12, g2

P = .14. The difference

between Alt-Reg and Alt-Irrwas significant, F(1,16) = 11.38,

MSE = 20.94, p < .005, g2
P = .42.

The results of Experiment 3 provide further support for

the perceptual-motor account. In an Alt-Irr condition, the

temporal irregularity and relative infrequency with which

non-successive items were presented from the same loca-

tion would have weakened any segregation of the items

into two streams. At the same time, the pattern of results

is opposite to that predicted by the item-encoding hypoth-

esis: The uncertainty in the Alt-Irr condition as to when

attention would need to be switched or what information

would need to be discarded/incorporated during item-

encoding should have accentuated not attenuated the

effect. One potential counterargument to this interpreta-

tion from the standpoint of the attention-switching

account might be that the smaller ear-alternation effect

in the Alt-Irr condition may have been due to the fewer

number of attention-switches required in that condition

(five switches) compared to the Alt-Reg condition (seven

switches). However, this argument would be difficult to

sustain: It seems reasonable to suppose that such an

account would predict a large difference when contrasting

a ‘no switches’ condition (i.e., the Single condition) and a

‘five switches’ condition (i.e., the Alt-Irr condition) and a

comparatively much smaller difference when comparing

‘five switches’ (Alt-Irr) and ‘seven switches’ (Alt-Reg). In
fact, the difference between no-switches and five-

switches was not significant.

Fig. 2. Mean percentage of items correctly recalled at each serial position

in the four conditions of Experiment 2, showing the increase in the

magnitude of the ear-alternation effect in the presence of a lead-in.
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The results of Experiment 3 present perhaps the great-

est challenge thus far for the item-encoding hypothesis:

Despite a clear requirement in the Alt-Irr condition to

switch attention between locations to encode the majority

of the items or to discard/incorporate the location informa-

tion for each item, serial recall was only slightly affected

compared to the Single condition.

Experiment 4

In this experiment, we capitalize on a fundamental con-

ceptual distinction between the perceptual-motor account

and the item-encoding hypothesis: On the perceptual-

motor account, the critical property of an ear-alternating

sequence is that non-successive sounds are more similar
to one another than are successive sounds and hence the

non-successive sounds cohere together into two streams,

over-riding the integration of successive items into one

stream. In contrast, the critical property of an ear-

alternating sequence from the standpoint of the item-

encoding hypothesis is that successive sounds are dissimilar
to one another, thereby increasing the burden on item-

encoding via a need for attention-switching or perceptual

normalization/incorporation; the relation between non-

successive items is irrelevant on these accounts. In a stan-

dard ear-alternating sequence (LRLR[. . .]), these two prop-

erties are perfectly confounded. In the present experiment,

we deconfound them by including a condition in which the

perceptual dissimilarity between successive items was

made particularly great by having each successive item

not only shift between ears/locations (in a regular pattern)

but also change in voice. Specifically, in the Alt-ear—multi-
voices condition, the eight ear-alternating items were pre-

sented in eight different ‘voices’ (created by pitch-shifting

recordings from a single voice; see Method for details).

This therefore increased the dissimilarity between succes-

sive items but at the same time decreased the similarity

between non-successive items. Thus, the item-encoding

hypothesis predicts very straightforwardly that recall

should be particularly poor in such a condition compared

to when an ear-alternating sequence is relatively less vari-

able (all items presented in the same voice): Attention

would need to shift not only between ears/locations but

also between different fundamental-frequency ranges

(which were unpredictable from trial to trial). Indeed, it

has been shown that responding to sounds that vary in

both fundamental frequency and location is slower and

less accurate than when they vary on only one of these

dimensions (Mondor, Zatorre, & Terrio, 1998). Similarly,

on the perceptual normalization/incorporation accounts,

there would for each item be two dimensions upon which

features would need to be discarded/incorporated, hence

serial recall should again be particularly poor in the Alt-
ear—multi-voices condition according to these accounts.

Again, the perceptual-motor account makes the opposite

prediction: In the Alt-ear—multi-voices condition, due to

the relative incoherence of non-successive items (com-

pared to the standard, Alt-ear—single-voice, sequence),

streaming-by-location should be demoted. That is, a cue

for segregation (ear-alternation) will be offset by a cue—

uncorrelated changes in voice—that demotes the integra-

tion of those ‘same-ear’ sounds. Thus, the perceptual-

motor account predicts that the effect of ear-alternation

will be diminished with the addition of uncorrelated

changes of voice.

Experiment 4 also tests the assumption of the

perceptual-motor account that the effect of ear-

alternation is located primarily in the mapping of the per-

cept of the sequence onto a motor-plan. That is, serial

recall of the typical (single-voice) ear-alternating sequence

is impaired because the perception of order is at odds with

the need to assemble the items into a motor-plan accord-

ing to their actual order. If so, then reducing the capacity

for motor-planning should attenuate the ear-alternation

effect. We test this in the present experiment by examining

whether the ear-alternation effect is attenuated under

articulatory suppression whereby participants are required

to utter an irrelevant sequence during list-presentation

(e.g., Baddeley, Lewis, & Vallar, 1984; Jones et al., 2004;

Murray, 1968); thus, one group of participants undertook

all four [i.e., voice(2) � ear(2)] conditions while articulat-

ing an irrelevant sequence during list-presentation.

The perceptual-motor account makes detailed predic-

tions regarding precisely how articulatory suppression

would be expected to interact with the ear-alternation

effect. Specifically, the attenuation should only be apparent

for that portion of a spoken list—the pre-recency portion—

that has been shown in previous studies to be associated

with the assembly of items into a motor-plan. There is

now ample evidence that the serial recall of the last few

(e.g., 2 or 3) items of a spoken sequence (i.e., auditory

recency) is not as reliant on motor-planning as pre-

recency items, as evidenced by the fact that auditory

recency (unlike pre-recency) survives articulatory suppres-

sion (Hitch, Flude, & Burgess, 2009; Jones et al., 2004, 2006;

Macken et al., 2015; Maidment & Macken, 2012). Thus,

recall of items at the end-boundary of a spoken sequence

has been attributed instead to the direct use of the

highly perceptually-salient end-boundary of an auditory

Fig. 3. Mean percentage of items correctly recalled at each serial position

in the three conditions of Experiment 3, showing the greater effect of

regular and predictable ear-alternation (Alt-Irr) compared to irregular

and unpredictable ear alternation (Alt-Irr).
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sequence, by-passing much if any motoric recoding (e.g.,

Jones et al., 2004). Further evidence for this more passive

route to the recall of list-end spoken items is that auditory

recency is impaired by a spoken suffix regardless of articu-

latory suppression but only if that suffix is presented in

such a way as to alter the passive organization of the end

of the list (e.g., Maidment & Macken, 2012; Nicholls &

Jones, 2002). Thus, to the extent that ear-alternation exerts

its effect by modulating the perception of order, its effect

should remain apparent under articulatory suppression at

those points where recall of the sequence by-passes

motor-planning processes (i.e., at recency).

To recapitulate, then, the present experiment involved

four conditions undertaken by both a no-suppression

group and a with-suppression group: The sequence was

presented in an ear-alternating fashion or to a single ear

and these two types of sequence could either be presented

such that all items were presented in a single voice (as in

Experiments 1–3) or in eight different voices.

Method

Participants
Fifty-two undergraduate students from Université Laval

took part in return for a small honorarium. Half were

assigned to a no-suppression group and half to a with-

suppression group.

Apparatus and materials
The apparatus and materials were the same as for

Experiments 1–3 except for the following details. A new

set of the spoken digits 1–8 was recorded in French in a

female voice and sampled with a 16-bit resolution at a

sampling rate of 44.1 kHz using Sound Forge 5.0 (Sony

Creative Software). The duration of each digit was again

edited to 250 ms using the same software. Pitch-shifting

was then applied to each digit using Sound Forge to create

seven ‘voice’-variations of the original recording (shifting

the original recording of each digit by �10, �8, �6, �4,

�2, +2, +4, and +6 semitones). There were therefore eight

voice-versions of each digit (the original plus the 7 deriva-

tives). A pilot study was conducted to ensure that the

pitch-shifting had not rendered any of the stimuli incom-

prehensible. An independent sample of 5 participants from

the same pool was asked to identify a series of digits spo-

ken via headphones one at a time. All 128 possible stimuli

to be used in the experiment proper [i.e., ear(2) � voice

(8) � digit(8)] were presented once to each participant.

The mean percentage of correct identification was very

high generally at 98.44% and the identification rates across

the eight voices fell within a narrow range, between

96.25% and 100% correct; a chi-square goodness-of-fit test

confirmed that there was no difference in the frequency

with which the digits were identified depending on voice,

X2 (7, N = 630) = 0.15, p = 1.

Four auditory conditions were constructed and are

depicted schematically in the ‘Experiment 4’ section of

Table 1. The Single-ear—single-voice condition was equiva-

lent to the Single condition of Experiments 2 and 3: the

to-be-remembered list was presented to one ear and in

one voice (one of the eight voices selected at random).

For half of these lists, all the items were presented to the

left ear while for the other half all items were presented

to the right ear. The Alt-ear—single-voice condition was

equivalent to the Alt conditions of Experiments 1–3: the

list was presented in one voice (one of the eight voices

selected at random) in an ear-alternating fashion (whether

the first item was presented to the left or right ear was

counterbalanced). In the Single-ear—multi-voices condition,
the list was presented to one ear (half the lists to the left,

half to the right) but each item was spoken in a different

voice. The order of the eight voices across such a list was

determined randomly for each trial in this condition.

Finally, in the Alt-ear—multi-voices condition, the list was

presented in eight voices (again, their order determined

randomly for each trial) in an ear-alternating fashion (half

the lists starting with a left-ear item, half with a right-ear

item).

Design
The experiment involved a mixed design with List-type-

Ear (Single, Alt), List-type-Voice (Single, Multi), and Serial

Position as within-participant factors and Suppression as

a between-participants factor. Regardless of Suppression

group, each participant undertook 80 experimental trials

divided into two blocks: The Single-voice block comprised

40 trials made up of 20 Single-ear—single-voice trials and 20

Alt-ear—single-voice trials. The block was preceded by four

practice trials, two for each condition. The other, Multi-

voices, block comprised 40 trials made up of 20 Single-
ear—multi-voices trials and 20 Alt-ear—multi-voices trials.

This block was also preceded by two practice trials per

condition. In both blocks, the trials were presented in a

pseudorandom fashion with the constraint that no condi-

tion was presented more than twice in succession. The

order in which the two blocks were undertaken was coun-

terbalanced across participants. One group of participants

were free to use subvocal motor-planning during all 80 tri-

als (the no-suppression group). The other group were

required to repeatedly vocalize the irrelevant sequence

‘‘A, B, C, D, A, B [. . .]” (in French) as the to-be-

remembered list was presented (see below for further

details).

Procedure
Participants were tested individually in a dimly lit

room. Before the beginning of the experimental session,

participants in the with-suppression group were given a

training session with the articulatory suppression task.

The training session required the participants to repeat

aloud (to ‘shadow’) the sequence ‘‘A, B, C, D, A, B [. . .]” pre-

sented to them (to both ears) over headphones. The

sequence was presented at the rate of one letter every

350 ms (250 ms on/100 ms off) in a male voice in French

(‘B’, ‘C’, ‘D’, is pronounced in the same way as when reciting

the English alphabet while ‘A’ is pronounced as /a/ not /ə/).

The participants were required to repeat the letters at the

rate at which they were presented to attune them to the

rate at which they would be expected to utter the letters

during the articulatory suppression in the experiment

proper. The training session lasted approximately 2 min.

For this group, each trial in the experiment proper began
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with the presentation of A, B, C, D on the screen for 2 s to

signal to the participants that they were to begin articula-

tory suppression. They were instructed to read these let-

ters aloud (but relatively quietly) at the rate they had

learned to shadow them during the training session and

to continue the suppression during item presentation until

recall. The letters disappeared from the screen before the

to-be-remembered list commenced. The Experimenter

remained present throughout to ensure compliance with

the articulatory suppression requirement. In the no-

suppression group, the display A, B, C, D was replaced with

a blank screen for the same duration.

For all auditory conditions and for both groups, after the

last item of each list the word recall was displayed on the

screen. As in all previous experiments, participants were

instructed that they should try to recall the to-be-

remembered digits in the temporal order in which they

were presented by writing them on a response sheet in a

strict left-to-right fashion. They were instructed to guess

if they were uncertain of a digit’s position. Again as in pre-

vious experiments, participants had 15 s to recall each list

and after this delay a 500 ms tone was presented over the

headphones to indicate that the next trial was imminent.

Results4

Fig. 4 shows the serial position curves for each of the

eight conditions of Experiment 4 [2(List-type-Ear: Single,

Alt) � 2(List-type-Voice: Single, Multi) � 2(Suppression)].

Turning first to the data from the no-suppression group

(upper two panels), it is evident that the difference

between single and ear-alternating conditions is smaller

in the Multi-voices condition (upper-right panel) than it

is in the Single-voice condition (upper-left panel). In the

with-suppression group (lower two panels), the ear-

alternation effect was again weak with multiple voices

(lower-right panel) but was also relatively weak in the

Single-voice condition except at recency (lower-left panel).

The results of an initial mixed 2 � 2 � 2 � 8 ANOVA

showed a main effect of List-type-Ear, F(1,50) = 39.13,

MSE = .023, p < .001, g2
P = .44, a main effect of Suppression,

F(1,50) = 15.26, MSE = .56, p < .001, g2
P = .95, and a main

effect of Serial position, F(7,350) = 135.85, MSE = .068,

p < .001, g2
P = .73. While the main effect of List-type-Voice

was not significant, F(1,50) = 1.03, MSE = .117, p = .32,

there was a significant interaction between List-type-

Voice and List-type-Ear, F(1,50) = 13.96, MSE = .011,

p < .001, g2
P = .22. The only other significant interactions

were those between List-type-Ear and serial position, F
(7,350) = 5.51, MSE = .008, p < .001, and List-type-Voice

and serial position, F(7,350) = 2.52, MSE = .013, p < .02.

Importantly, all these effects/null effects and interactions

were subsumed within a significant four-way interaction,

F(7,350) = 2.34, MSE = .006, p = .02, g2
P = .05, consistent

with our impression of the pattern evident across the four

panels of Fig. 4.

We turned next to address our specific hypothesis

regarding the interplay of ear alternation and voice-

variability by analyzing the data from the no-suppression

group only (cf. upper two panels of Fig. 4) in a 2 � 2 � 8

repeated-measures ANOVA. Here, the main effect of List-

type-Ear was significant, F(1,25) = 18.66, MSE = .03,

p < .001, g2
P = .43, while the main effect of List-type-Voice

was not, F(1,25) = .052, p > .05. Of particular interest, List-

type-Ear interacted significantly with List-type-Voice, F
(1,25) = 4.30, MSE = .01, p < .05, g2

P = .15: The ear-

alternation effect was appreciably smaller in the Multi-

voices condition than in the Single-voice condition. Simple

effects analyses showed that the ear-alternation effect was

nevertheless reliable in both the Multi-voice condition,

p = .023, and the Single-voice condition, p < .001. It should

also be noted, however, that this List-type-Voice by List-

type-Ear interaction was a joint product of a (small and

non-significant) detrimental effect of changes in voice

(Multi-voice—single-ear: M = 64.7% vs. Single-voice—single-
ear: M = 66.8%) coupled with a (small and non-

significant) reduction of the detrimental effect of ear alter-

nation in the multi-voices condition (M = 60.9%) compared

to single-voice condition (M = 60%). Thus, this particular

result, if considered in isolation, could be argued to provide

stronger evidence against the item-encoding hypothesis

than it does evidence in favor of the perceptual-motor

account.

Finally, we turn to our second specific hypothesis

regarding the effect of articulatory suppression on the

ear-alternation effect within that condition (Single-voice
condition) in which a relatively large ear-alternation effect

was produced and hence where it might be possible to

observe any attenuation of that effect by suppression. To

examine our detailed predictions regarding the interplay

of articulatory suppression on the ear-alternation effect

for different parts of the list, we derived a ‘curve-portion’

factor by dividing the serial position curve into a pre-

recency portion (first six serial positions) and a recency

portion (final two serial positions). A 2 (List-type-Ear) by

2 (Suppression) by 2 (Curve-portion) mixed ANOVA on

the data within the Single-voice condition (i.e., those

depicted in the upper-left and lower-left panels of Fig. 4)

showed a main effect of List-type-Ear, F(1,50) = 81.04,

MSE = .004, p < .001, g2
P = .62, a main effect of Suppression,

F(1,50) = 9.52, MSE = .086, p < .005, g2
P = .16, and of Curve-

portion, F(1,50) = 39.05, MSE = .020, p < .001, g2
P = .44. The

two-way interaction between List-type-Ear and Suppres-

sion was not significant but there were significant interac-

tions between List-type-Ear and Curve-Portion, F(1,50)
= 13.01, MSE = .002, p < .002, g2

P = .21, and, of most interest,

between List-type-Ear, Curve-Portion, and Suppression, F
(1,50) = 11.52, MSE = .086, p < .002, g2

P = .19. Further scru-

tiny revealed that whereas there was no interaction

between List-type-Ear and Curve-portion in the No-

suppression group, F < 1, there was indeed such an interac-

tion in the With-suppression group, reflecting the

weaker—though still significant (p < .005)—effect of ear

alternation at pre-recency compared to recency in this

group, F(1,26) = 26.92, MSE = .002, p < .001, g2
P = .52. [Note

that the same pattern was found if recency was defined
4 A more comprehensive set of descriptive and inferential statistics for

Experiment 4 has been provided as Supplementary Material.
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instead as the final position only (and pre-recency as the

first seven positions) or defined as the last three positions

(and pre-recency as the first five).] It is worth noting also

that this relative survival of the ear-alternation effect at

recency under suppression is not due simply to perfor-

mance being much better generally at recency (i.e., some

sort of scalar effect), as this pattern is not apparent in the

With-suppression, multi-voices condition despite a strong

recency effect.

Discussion

Experiment 4 produced several useful findings. First, at

odds with the item-encoding hypothesis, introducing eight

changes of voice to an ear-alternating list failed to exacer-

bate the impairment of serial recall; indeed the numerical

trend was for a reduction of the impact of ear-alternation

when voice-changes were added. Given that responses to

sounds are slowed the more dimensions upon which they

change from one to the next (Mondor et al., 1998), the

item-encoding accounts incorrectly predicted that perfor-

mance should have been particularly poor in the Alt-ear—
multi-voices condition. Instead, the numerical reduction

of the ear alternation effect in the context of concurrent

changes in voice is consistent with—but, as acknowledged,

does not on its own provide further strong support for—the

perceptual-motor account. One, admittedly post hoc, sug-

gestion as to why performance with ear-alternating lists

did not benefit more greatly from changes in voice is that

the degree of change between the voices was too modest

to over-ride the strong cues to segregation provided by

an alternation between highly disparate spatial locations.

Further supporting the perceptual-motor account, artic-

ulatory suppression attenuated the ear-alternation effect

at pre-recency—independently shown to be associated

with subvocal motor-planning (e.g., Hitch et al., 2009;

Jones et al., 2004, 2006; Macken et al., 2015; Maidment &

Macken, 2012)—relative to recency, which has been shown

to be immune to articulatory suppression (e.g., Jones et al.,

2004). This supports the tenet of the perceptual-motor

account that the cost of perceptual variability for parts of

the list usually supported by the assembly of items into a

motor-plan is attributable to the incompatibility between

perceived order and the order in which items need to pop-

ulate that motor-plan. This result complements the finding

that the voice-alternation effect is absent in short-term

memory tasks that are not typically associated with a

motor sequence-planning strategy (Hughes et al., 2011).

Furthermore, to the extent that recall of the list-end

boundary of a spoken sequence (i.e., auditory recency) is,

in contrast, supported by a more direct use of the

passively-derived percept of the sequence (Jones et al.,

2004), any modulation of that percept by ear alternation

would be expected to exert a detrimental effect even under

articulatory suppression. Again, this very detailed predic-

tion of the perceptual-motor account was confirmed in

the present experiment.

Finally, it is worth highlighting the fact that there was

no main effect of List-type-Voice. That is, voice-variability

per se (e.g., within the single-ear condition) was not found

to impair serial recall significantly even within the

Fig. 4. Percentage correct serial recall at each serial position in the eight conditions of Experiment 4.
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no-suppression group (although there was a numerical

trend for such an impairment). At first glance, this aspect

of the results seems at odds with the significant disruptive

effects of voice-variability reported previously (e.g.,

Greene, 1991; Hughes et al., 2009, 2011; Martin et al.,

1989; Mogensen et al., 2015). However, much of this

research (Greene, 1991; Hughes et al., 2009, 2011;

Mogensen et al., 2015) involved contrasting a voice-alter-
nation condition (specifically, a male and female voice

alternating) with a single-voice condition. In the present

experiment, in contrast, the voice-variable condition

involved presenting each item in a unique voice.5 Indeed,

the weak and non-significant effect in a unique-voice-per-

item condition observed here is entirely consistent with

the perceptual-motor account of the attenuating impact of

voice-variability on the ear-alternation effect: From this

standpoint, the precondition for a robust perceptual vari-

ability effect is that non-successive items are more coherent

than successive items; successive items differing from one

another is not sufficient. In a unique-voice-per-item

sequence, as the voices are ordered randomly, the coherence

between non-successive items would not, on average, be

any greater than that between successive items, hence there

would be no basis upon which to segregate the items into

two streams. This begs the question, however, of why some

studies have indeed found voice-variability effects using

unique-voice-per-item sequences (Goldinger et al., 1991;

Martin et al., 1989; Nygaard et al., 1995). A likely reason

for this difference in outcomes is that all studies that have

found an effect with unique-voice-per-item sequences have

employed a serial recall task in which there was a particu-

larly great burden on item as well as order recall: they used

different words for each trial and relatively long lists (e.g.,

ten items). As Baddeley (2012) recently noted, to study pro-

cesses specifically involved in short-term serial memory in a

relatively process-pure way, different permutations of the

same small set of items are used across trials (as was done

throughout the present experiments) precisely to minimize

the influence of long-term item memory (see also Hughes

et al., 2009; present General Discussion). Thus, item-

encoding costs might indeed play a role when there is a high

load on item-memory and hence, under such conditions,

effects are found using unique-voice-per-item sequences.

However, these effects, we would argue, are long-term

item-memory effects manifesting in the context of a (rela-

tively process-impure) short-term serial recall task.

Another possible reason for the lack of a significant

detrimental effect with a unique-item-per-voice sequence

in the present experiment is that we used pitch-shifted

versions derived from a single voice for our different

‘voices’ rather than eight real voices as in studies that have

found such an effect (e.g., Goldinger et al., 1991; Martin

et al., 1989). On the item-encoding hypothesis, it could

be argued that an impairment is more likely when voices

change not only in terms of frequency-range but also in

terms of other features such as timbre, speaking-rate,

accent, and emotional tone. However, this ‘number-of-ch

anging-features’ explanation would again seem to predict,

incorrectly, a greater impairment of recall when items

change in both voice and location compared to location

alone.

General discussion

To summarize the main impacts of the present series of

experiments, Experiment 1 provided the first definitive

demonstration that the impairment of auditory-verbal

serial recall when items alternate between the ears is dri-

ven by the localization of the items in auditory space—

through the use of IID—not by the fact they are presented

to different ears per se: When the sharp changes in IID in

an ear-alternating list are reduced by the presentation of

noise-bursts in the contralateral ear, the ear-alternation

effect is eliminated (Experiment 1). This result discounts

an early variant of the item-encoding hypothesis in which

the two ears serve as two discrete input-channels: The

effect was eliminated despite the fact that the need to

switch between any such structural channels would not

have been altered by the noise-bursts (see also Deutsch,

1979). The results of Experiment 1 were also in line with

the notion that the ear-alternation effect is driven by

sequential perceptual organization: In this view, reducing

the IID for each successive item promoted their sequential

integration despite ear-alternation, thereby changing a

perceptual-motor incompatible situation into a relatively

perceptual-motor compatible one. More direct evidence

for the role of perceptual organization was produced in

Experiment 2 in which promoting the segregation of alter-

nating items via pre-exposure to the alternating pattern

(cf. Anstis & Saida, 1985; Bregman, 1978) increased the

magnitude of the ear-alternation effect, converging with

the impact of pre-exposure previously observed in the con-

text of voice alternation (Hughes et al., 2009). The item-

encoding hypothesis, however, would have predicted, if

anything, a benefit, rather than a cost, of such pre-

exposure. Further support for the perceptual-motor

account and against the item-encoding hypothesis was

found in Experiment 3: Demoting stream segregation

while at the same time increasing the burden on item-

encoding by making the alternation of the items between

the ears irregular and unpredictable markedly attenuated

the ear-alternation effect (indeed, the effect of an irregu-

larly alternating sequence was not statistically significant

in this experiment). In Experiment 4, we co-varied ear-

alternation with voice changes and observed a (non-

significant) trend for an improvement in the recall of an

ear-alternating list despite an increase in perceptual vari-

ability between successive items. This is problematic for

the item-encoding hypothesis which predicts that recall

should be a simple negative function of the degree of per-

ceptual variability. Finally, this experiment also supported

the tenet of the perceptual-motor account that the ear-

alternation effect is attributable in part to the mismapping

5 This was quite deliberate because if we had used alternating voices in

the context of an ear-alternating sequence, the ear and voice changes

would have been perfectly correlated, leading to particularly strong

segregation and hence, based on the perceptual-motor account, a larger

disruptive effect on serial recall than when items alternated on only one

dimension. As the item-encoding hypothesis would predict the same

outcome, such an experiment would not have been diagnostic.
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between perceptual organization and the assembly of a

subvocal motor-plan: When such motor-planning is

impeded via an articulatory suppression instruction, the

ear-alternation effect is attenuated at pre-recency relative

to recency. Moreover, the survival of the effect at recency

under articulatory suppression dovetails with other evi-

dence showing that recall of the last few items is sup-

ported by a direct use of the perceptual salience of the

end-boundary of an auditory sequence rather than via

motor recoding (Jones et al., 2004; Maidment & Macken,

2012; Nicholls & Jones, 2002).

The present findings are problematic for theoretical

accounts that are conceptually allied to the classical cen-

tralist view of short-term memory in which perceptual

variability affects item-encoding processes prior to a

limited-capacity short-term memory structure or space

(e.g., Mogensen et al., 2015; Nygaard et al., 1995;

Treisman, 1971). Instead, they support the view that the

perceptual organization of events and the compatibility

of that organization with subvocal motor-planning is a

key determinant of verbal serial short-term memory. In

this view, the impact of perceptual alternation brings into

relief how the representation of the serial order of a

sequence of spoken items is in part a direct by-product

of a process whose function it is to organize events into

coherent objects, not memory storage per se. One way in

which this passive form of organization determines serial

recall is by influencing the ease with which items can be

uploaded into an actively-assembled motor-plan. When

the coherence of successive items in the typical auditory-

verbal list is broken by making non-successive items more

coherent than successive items, the creation of two percep-

tual objects each with its own integral serial organization

generates a perceptual-motor mismapping problem,

increasing the burden on active control and the likelihood

of error.

Perceptual-motor incompatibility as a selection-for-action
control problem

We argue that within the perceptual-motor framework,

the active control process required in the face of

perceptual-motor incompatibility may be understood as

‘attention-switching’ but where both what ‘attention’ is,

and what needs to be switched between and why, is quite

distinct conceptually from that typically found in the clas-

sical attention-switching account allied to the centralist

view. Within the latter account, attention is often con-

strued as a narrow filter designed to protect a limited-

capacity processing or short-term storage space from over-

load (Broadbent, 1958; Lachter, Forster, & Ruthruff, 2004)

or as a spotlight that holds a subset of information in work-

ing memory in a particularly accessible state (Cowan,

1995; Oberauer, 2002). In this view, attention switching

is required when successive items change (e.g., in location

or voice) precisely because attention is a narrow protective

filter or spotlight that must therefore be shifted in real

time if those items are to enter short-term memory (e.g.,

Page & Norris, 1998) or be made highly accessible (e.g.,

Cowan, 2001). Only then is item information (e.g., phono-

logical content) linked to a (separate) representation of

their order (e.g., Burgess & Hitch, 1999; Henson, 1998;

Page & Norris, 1998). Thus, the attention switching on this

account is the switching of a pre-short-term memory filter

or spotlight between each discrete stimulus as (or before)

it occurs and prior to the point at which item order is

determined.

The perceptual-motor account, in contrast, is allied clo-

sely to a radically different conception in which attention

is viewed as a selection-for-action (not for-memory) pro-

cess (Allport, 1993; Hommel, 2010; Houghton & Tipper,

1996; Neumann, 1987, 1996; van der Heijden, 1992). In

this view, attention is the process of mapping one of poten-

tially several perceptual objects (derived preattentively in

parallel) onto a motor-planning process that is limited

simply on account of the fact that the bodily-action being

simulated is intrinsically sequential (e.g., speaking, grasp-

ing a cup, delivering a right hook; Rosenbaum, 1991). In

these terms, then, ear- (or voice-) alternation in serial

recall creates a selection-for-action problem: Two distinct

temporally-extended perceptual objects are available in

parallel, each embodying serial order cues incompatible

with the to-be-produced sequence. The selection-for-

action process (‘attention’) must therefore switch between

the two objects and each successive act of populating the

motor-plan involves having to disembed an item from

the object that contains it. Thus, in contrast to the central-

ist view, the attention-switching on this account is the

switching between already ordered sequences for the pur-

poses of (re)assembling the items into a task-appropriate

motor-plan. It is interesting to note that Treisman (1971)

also considered (but did not test) the possibility that the

switching with an ear-alternating sequence is between

already-sequenced sensory data: ‘‘If retrieval is from a

‘‘sensory tape-recording” it appears to retain its dichotic

character” (p. 165) and that ‘‘on this hypothesis the dis-

tinction between perception and memory becomes blurred

or meaningless” (pp. 165–166). The present study provides

strong empirical support for this hypothesis.

The perceptual-motor mapping (or selection-for-action)

account also helps make sense of findings from other early

studies of the ear-alternation on serial recall. The view that

the alternation effect is due to a two-to-one mapping prob-

lem predicts that if individuals had two vocal tracts, the

problem would be reduced or eliminated. Moray and

Jordan (1966) conducted what may be described as a man-

ual analogue of this hypothetical double vocal-tract exper-

iment: In the context of the split-span dichotic method in

which a succession of simultaneous item-pairs are

presented to the two ears (cf. Broadbent, 1954)—they

provided participants with a means of parallel manual

(two-hand) output to match the parallel (two-ear) input:

Responses were typed on a ‘Palantype’ (Stenotype)

keyboard which can register the output of two simultane-

ously pressed keys. With sufficient practice (given the

unfamiliar output mode), participants were now, unlike

with vocal or written output, able to reproduce the

ear-alternating sequence so that it approximated the true

temporal order of the items with a high degree of accuracy.

This finding is entirely in line with the perceptual-motor

mapping account: the difficulty of alternation (with a

serial output mode) lies in motor-sequencing the items
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appropriately, not in encoding or storing item-level infor-

mation as posited within the item-encoding hypothesis.

The central importance of ‘Peripheral’ auditory-specific effects
in serial recall

A more conceptual potential challenge to our analysis

from the standpoint of the classical, centralist, view of

short-term memory is that the perceptual alternation phe-

nomena that we have studied here and elsewhere (Hughes

et al., 2009, 2011) are specific to auditory lists; indeed, the

obligatory perceptual integration processes at the heart of

our account of these particular phenomena are much more

powerful in the case of, if not unique to, auditory

sequences (Bregman, 1990). Proponents of the centralist

view might therefore point to the fact that most of the

benchmark phenomena of serial short-term memory (e.g.,

the phonological similarity effect; Baddeley, 1966;

Conrad, 1964; the distinctive shape of the serial position

curve; e.g., Crowder, 1972; the irrelevant sound effect;

Colle & Welsh, 1976; Salamé & Baddeley, 1982; the articu-

latory suppression effect; Murray, 1968; the word-length

effect; Baddeley et al., 1975) are observed with visual as

well as auditory list-presentation, that is, they transcend

sensory modality. Indeed, that this is the case is one of

the main bases upon which rests the contention that

short-term memory operates upon abstract-phonological,

modality-independent, representations (see, e.g., Page &

Norris, 1998). From this standpoint, even if the centralist

approach was to concede that ear- and voice-alternation

effects are underpinned by perceptual organization pro-

cesses rather than item-encoding costs, they would remain

auditory-perceptual effects, peripheral (both structurally

and conceptually) to the abstract realm of short-term

memory proper. However, on further empirical scrutiny,

it turns out that the cross-modal generality of certain fea-

tures and phenomena of serial recall is a very weak basis

for concluding that short-term memory is supported by

central modality-independent representations and mecha-

nisms. We turn at this point to examine in detail some of

this evidence and the centralist reasoning that it has

engendered, as well as its recent re-evaluation, as it has a

fundamental bearing not only on the breadth of implica-

tion that can be drawn from perceptual alternation effects

but also on the veracity of a perceptual-motor account of

short-term memory more generally as well as the veracity

of defining centralist assumptions.

We turn first to the observation that serial recall perfor-

mance is (apparently) very similar regardless of whether

the list is presented visually or auditorily and that it

diverges only at recency, where auditory list recall enjoys

a distinct advantage (i.e., the modality effect; Conrad &

Hull, 1968; Crowder & Morton, 1969). Such cross-modal

generality at pre-recency has been taken classically to

point to the modality-independent (e.g., phonological)

character of verbal short-term storage. Indeed, the modal-

ity effect (or auditory recency) has, like perceptual vari-

ability effects, been cast as being peripheral to central

short-term memory (e.g., Baddeley, 1986; Hurlstone

et al., 2014; Page & Norris, 1998). However, on closer

inspection, it turns out that most studies in which recall

of visual lists has been compared with truly auditorily-

presented lists (as opposed to visual lists read aloud by

the participant; e.g., Conrad & Hull, 1968) show that visual

list-recall enjoys an advantage at pre-recency (e.g.,

Frankish, 1989, 2008; Harvey & Beaman, 2007; Macken

et al., in preparation; Maylor, Vousden, & Brown, 1999;

Sjöblom & Hughes, in preparation). Thus, recall of visual

and auditory lists in fact differs throughout the serial posi-

tion curve, pointing to different processing constraints—

and different ones for different parts of the list—related

specifically to sensory-modality. In particular, Macken

et al. (in preparation) recently showed that the ‘inverted

modality effect’ at pre-recency is—as we have argued here

in relation to perceptual alternation effects within audi-

tion—explicable by recourse to differences in the ease of

perceptual-motor mapping. As argued in the present arti-

cle, items in a typical auditory-verbal serial recall list

(i.e., single voice, single location) are relatively well bound

into a coherent stream as the result of obligatory percep-

tual organization processes. While this is advantageous

for perceptual-motor mapping compared to when non-

successive items are bound (e.g., under conditions of ear

alternation), it nevertheless hampers that mapping process

compared to the case with a list of visual items: A sequence

of strongly bound auditory items would need to be seg-

mented so as to assemble them into the motor-plan

whereas the relative perceptual independence of succes-

sively presented visual items (with grouping across space,

rather than time, dominating in vision; Bregman, 1990) is

more conducive to optimal motor-plan assembly. That is,

the looser binding of visual sequences leaves their bound-

aries less salient than for auditory sequences (see Bregman

& Rudnicky, 1975) but at the same time allows for more

facile addressing of each constituent individually, indepen-

dent of the holistic object.

In support of the perceptual-motor account, the

inverted modality effect, like the ear-alternation effect, is

attenuated at pre-recency by articulatory suppression but

the standard modality effect at recency, again like the

ear-alternation effect, is immune to articulatory suppres-

sion due to the capacity for direct use of the perceptual sal-

ience of the list-end boundary. Impeding motor-planning

by speeding up the presentation-rate also equates recall

of visual and auditory items at pre-recency (Macken

et al., in preparation). Thus, differences in recall of auditory

and visual lists emerge not only at recency but also at pre-

recency due to the different form that perceptual organiza-

tion takes in the two sensory modalities and its differing

implications for motor-plan assembly. That recall perfor-

mance is not the same across modality at pre-recency

removes a key pillar of support for the centralist view

while being readily explicable by recourse to perceptual-

motor mapping processes. It also means that serial recall

phenomena that are specific to a particular modality—such

as ear- and voice-alternation effects—are as central to the

understanding of serial short-term memory as phenomena

that are modality-general.

A perhaps more abiding example of the inference that

cross-modal generality in serial recall points to an abstract

basis for verbal short-term memory, however, relates to

the phonological similarity effect, arguably the most
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influential phenomenon in the canon of short-term mem-

ory. This refers to the finding that items that sound similar

(e.g., B G D C [. . .]) are much more difficult to recall in serial

order than items that sound dissimilar (e.g., F H J Q [. . .];

Baddeley, 1966; Conrad, 1964). That this effect is observed

when the lists are presented visually as well as auditorily

has long been interpreted as evidence of a common

phonological representation as the key unit of verbal

short-term memory (e.g., Baddeley, 1986, 2007). However,

an alternative interpretation is that what auditory- and

visual-list recall have in common is that in each case such

recall is supported by the assembly of items (at least at

pre-recency) into a subvocal motor-plan; abstract-

phonological representations distinct from motoric repre-

sentations are unnecessary to explain such cross-modal

generality. In this view, the ‘phonological’ similarity effect,

regardless of modality of presentation, is an articulatory-
similarity effect, reflecting speech-errors found occasion-

ally in natural speech but that are exaggerated in the

face of the laboratorial tongue-twister that is the

phonologically-similar serial recall list (Acheson &

MacDonald, 2009; Ellis, 1980; Jones et al., 2004, 2006,

2007; Maidment & Macken, 2012; Page et al., 2007).

The impact on short-term memory theory of the his-

torical dismissal of an articulatory-based interpretation

of the phonological similarity effect is difficult to overes-

timate: it is arguably the sole basis for the fractionation of

a passive phonological short-term store from motor-

planning processes (Baddeley, 1986, 2007, 2012). But that

dismissal of an articulatory account has been shown to

have been premature. The critical evidence in question

is that the phonological similarity effect is still found even

when the articulatory system is blocked via articulatory

suppression as long as the items are presented auditorily

and hence enjoy automatic access to passive phonological

storage (Baddeley, 1986; Baddeley & Larsen, 2007;

Baddeley et al., 1984). However, recent research has

shown that articulatory motor-planning is indeed a pre-

condition for the phonological similarity effect: For the

majority of the list, the effect is eliminated or reduced

dramatically by articulatory suppression regardless of

modality (Jones et al., 2004; Sjöblom & Hughes, in

preparation; see also Murray, 1968). The apparent phono-

logical similarity effect with auditory lists under articula-

tory suppression is driven by processes operating at
recency (Jones et al., 2004; Sjöblom & Hughes, in

preparation), precisely the portion of the curve where

recall is assumed to be supported by processes ‘‘periph-

eral to the working memory system” (Baddeley, 1986, p.

95; see also Page & Norris, 1998). That this residual

‘phonological’ similarity effect is indeed not phonological

but instead underpinned by acoustic-based perceptual

organization processes operating at the end-boundary of

an auditory sequence is demonstrated by the fact that it

is eliminated by the addition of a suffix that is perceptu-

ally grouped with the to-be-remembered list but not

when that exact same suffix is grouped separately from

it (Jones et al., 2004, 2006; Maidment & Macken, 2012).

Thus, the ‘phonological’ similarity effect, while on the face

of it pointing to a level of representation that transcends

specific perceptual or motor processes, reflects the

combined effects of articulatory similarity (at pre-

recency) and acoustic similarity (at recency).

A striking convergence of findings is emerging, there-

fore, based on the study of numerous serial recall phenom-

ena and their various interactions suggesting that serial

recall performance is parasitic upon modality-specific per-

ceptual and motor processes and the degree to which the

passive organization that yields perceptual objects affords

its conversion into a motoric-organization subserving

overt sequential output. This list now includes the effect

of phonological similarity (Jones et al., 2004, 2006, 2007;

Maidment & Macken, 2012), modality and suffix effects

(Macken et al., 2015; Maidment, Macken, & Jones, 2013;

Nicholls & Jones, 2002), the impact of irrelevant sound

(Hanley & Hayes, 2012; Hughes, Tremblay, & Jones, 2005;

Jones et al., 2004), the effect of long-term linguistic knowl-

edge (Macken et al., 2014) as well as ear- and voice-

alternation effects (present study; Hughes et al., 2009,

2011). Thus, at the very least, this work suggests the need

for greater emphasis on perceptual organization and

motor-planning processes even within centralist frame-

works (for examples of this more integrative approach,

see, e.g., Page & Norris, 2003; Page et al., 2007). Indeed,

the embedding of serial short-term memory performance

within a selection-for-action view—which denies the need

to posit limited-capacity processing structures to explain

attentional selectivity (Hommel, 2010; Neumann, 1996)—

would solve the paradox of a system specialized for

short-term retention that is at the same time severely lim-

ited in capacity (e.g., Cowan, 2001): Performance-limits—

and hence apparent structural limits—arise in short-term

memory tasks because the processes that underpin that

performance did not evolve for the purpose of remember-

ing over the short-term (or for long-term learning; cf.

Baddeley, Gathercole, & Papagno, 1998; Sjöblom &

Hughes, in preparation) but for getting the body around

safely and effectively; to parse the world into objects and

to act upon them appropriately.

A. Supplementary material

Supplementary data associated with this article can be

found, in the online version, at http://dx.doi.org/10.1016/

j.jml.2016.04.006.
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