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Abstract
Formal learning takes place primarily through speech perception in classroom
environments and is therefore dependent on the listener’s ability to cope with
a number of acoustic factors that interfere with the speech signal. As classrooms are inclusive spaces accommodating learners with a broad range of abilities and backgrounds, this research investigated some of the ways in which
individual differences in supporting cognitive skills are related to speech perception outcomes in various challenging acoustic environments. A potential
avenue for the remediation of speech perception problems was also investigated. Studies comparing trained musicians’ with non-musicians’ speech perception have consistently shown a “musicians’ advantage” for speech-in-noise
tasks, therefore this research longitudinally investigated whether one year of
musical training was capable of producing improved speech perception thresholds in children. Therefore, the first three studies investigated relationships between the cognitive abilities of the listener and speech perception under various
challenging environmental conditions, and the final study reported whether a
year of musical training was able to produce learning effects generalizable to
speech perception in the same challenging auditory environments tested in the
two preceding experiments. Tests involved attending to a target talker under
experimental conditions in which the target signal was increasingly difficult to
discern either by lengthening reverberation time or by adding noise (i.e., competing sounds or talkers). In the second, third and fourth studies, the configuration of target and noise sources in the simulated room were manipulated to
be either collocated or spatially separated from one-another. In order to additionally explore the relationship between speech perception and underlying
cognitive processes, a number of measures were taken including phonological
working memory capacity (number updating, digit span) and language assessments (vocabulary, expressive language) and analysed in relation to speech
perception outcomes under the various experimental conditions. In all four
studies, speech perception was tested in virtual classroom environments that
were simulated based on actual classroom acoustic measurements taken in participating Swedish schools. The cumulative findings of this body of work
linked differences in language ability, background and performance on various
cognitive tests to speech perception thresholds, suggesting that not all learners
are on equal footing in the classroom environment. However, musical training
of the intensity and duration provided was unable to improve group performance on speech perception or cognitive measures.
Keywords: speech in noise, cognition, perception, musical training, spatial listening, virtual classroom environment

Sammanfattning
En stor del av elevers inlärning sker via katederundervisning i klassrumsmiljöer och är därför beroende av lyssnarens förmåga att hantera ett flertal akustiska faktorer som stör talsignalen. Klassrum är inkluderande lokaler som skall
tillmötesgå elever med en bred variation av förmågor och bakgrunder. Denna
avhandling sammankopplar individuella skillnader inom kognitiva förmågor
med resultat av taluppfattning i utmanande akustiska miljöer. Även en intervention med syfte att förbättra elevers taluppfattning undersöktes. Tidigare studier som jämför musikers och icke-musikers taluppfattning har konsekvent visat fördelar bland musiker inom uppgifter gällande taluppfattning i konkurrerande bakgrundsljud. Därför genomfördes en longitudinell studie med ett års
musikalisk träning i syfte att förbättra taluppfattningströskeln hos unga elever.
De tre första studierna som presenteras i denna avhandling undersökte förhållandena mellan kognitiva förmågor hos lyssnaren och taluppfattning under utmanande ljudmiljöer. Den sista studien undersökte huruvida ett år av musikalisk träning kan skapa inlärningseffekter generaliserbara till taluppfattning i
samma utmanande auditiva miljöer som testades i de tre tidigare experimenten.
Studiedeltagarna lyssnade till en talare under experimentella förhållanden där
förmågan att uppfatta talaren påverkades av antingen förlängd efterklangstid
eller adderade bakgrundsljud (till exempel störande ljud eller andra talare). I
studie två, tre och fyra manipulerades även talarens och bakgrundsljudets position i det simulerade rummet till att antingen komma från samma position
eller från olika riktningar. För att dessutom utforska förhållandet mellan taluppfattning och underliggande kognitiva processer analyserades ett antal kognitiva förmågor i relation till taluppfattningsresultaten under de olika experimentella förhållandena. I alla fyra studier testades taluppfattning i virtuella
klassrumsmiljöer som simulerades utifrån verkliga akustiska mätningar från
svenska skolor. De kumulativa resultaten i detta arbete sammankopplade svårigheter i språkförmåga, bakgrund samt prestation i flertalet kognitiva tester
med taluppfattningströsklar. Resultaten visar att alla elever inte har en likvärdig grund i klassrumsmiljön. Resultaten från interventionsstudien gav inget
stöd för att musikalisk träning ger positiv effekt på taluppfattning, möjligtvis
var typen av musikalisk träning och längden av den musikaliska träningen i
experimentet inte tillräcklig för att förbättra deltagarnas prestation i taluppfattning.
Nyckelord: backgrundsljud, kognition, taluppfattning, musikalisk träning,
rumslig lyssnande, virtuella klassrumsmiljöer
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Introduction: scope and purpose of the thesis
The publications which form the body of this doctoral dissertation are broadly
concerned with how speech perception is limited by certain environmental
conditions and cognitive factors which serve as real-world challenges to
speech intelligibility in the classroom. The decision to make a contribution to
the literature on classroom noise was twofold, partly made in response to Swedish classroom noise legislation at the time that this thesis was initially conceived. In 2016, building acoustics standards’ classification of schools in Sweden (SS 25268:2007, 2007) still ranked classrooms as Class C sound environments, and were therefore only required to meet the minimum requirements of
the Board of Directors' regulations (Boverkets Byggregler); to provide a frame
of reference, Class B environments are recommended for rooms in which the
sound environment is a priority, whereas Class A environments are those in
which high-quality acoustics are required. This fact seemed to stem from a lack
of acknowledgement of the essential role of speech in the classroom for the
transmission of information from the teacher to the pupils as well as peer-topeer communication. These standards were fortunately upgraded during the
course of this thesis (SS 25268:2007 + T1:2017, 2018) and classrooms are now
ranked as Class B sound environments, or even Class A under some circumstances. That said, it is important to remember that this does not imply implementation unless the classroom is newly built. Therefore, many children still
learn in noisy environments with poor acoustics and will continue to do so for
many years to come despite full knowledge of the detrimental effects.
This research also took place in the midst of a sudden influx of secondlanguage learners in the Swedish education system in the aftermath of what
was described as a refugee crisis (Chouliaraki & Zaborowski, 2017) or European migrant crisis from 2015 onwards, producing an increasingly globalized
national context in which ever-greater numbers of second-language learners
were entering the school system at an unprecedented rate, as indeed they still
are now in 2020. As classroom standards and environments were insufficient
for first-language learners, particularly those with weaker cognition, they were
hypothesized to be even less sufficient for second-language learners whose linguistic abilities would be under-developed in the majority of cases. This could
further imply that future amendments in legislation that take this group into
consideration were required.
The development of this research through a number of incremental stages
will now be briefly discussed in order to justify its trajectory and content and
briefly summarizing its main findings prior to providing a more detailed background section.
The overall purpose of this thesis was to evaluate how speech perception is
detrimentally affected by factors in the acoustic environment and individual

1

differences in cognitive ability in those susceptible to poor acoustic conditions,
specifically, children and second language learners. A secondary aim was to
test the efficacy of auditory (i.e., musical) training for improving speech in
noise (SiN) perception and cognitive outcomes. The approach taken was incremental in the sense that each study attempted to build directly, and hopefully
rationally, on its sequential predecessor in ways that will now be described.
Paper 1 sought to investigate whether differences in executive function and
language ability (vocabulary) underlie the capacity to deal with the deleterious
effects of a longer RvT on listening comprehension outcomes in university
learners listening to speech in their second language. The findings of Paper 1
indicated that having a better second language vocabulary conferred benefits
for speech comprehension in both long and short RvTs, and that a better second
language was the most beneficial in short RvT conditions. However, better executive functioning neither improved the ability to deal with challenging RvT
conditions nor provided a relative advantage in the less challenging RvT.
Paper 2 attempted to improve incrementally on Paper 1 in a number of
ways. Firstly, it was reasoned that disturbances in the listening environment
was of a greater relevance to school-aged learners rather than university students because of the dynamic classroom environments that children now experience due to the shift from a teacher-centred to learner-centred approach to
education in schools. Secondly, although RvT is problematic due to the lack of
enforcement of legislative standards for classroom environments, energetic
and informational maskers were considered more prevalent contributors to reduced speech intelligibility in classrooms than RvT, and consequently the effect of various maskers on speech perception was investigated instead of RvT.
Thirdly, as the measure of executive function indicated no relationships with
speech perception in Paper 1, Paper 2 focused on the closely related cognitive
process of working memory, which has been robustly connected with speech
perception outcomes in the literature. Fourth, speech perception and language
ability were assessed in participants’ first and second languages so as to additionally evaluate differences in coping with challenging listening environments
between the two languages, within subjects. Finally, an additional challenging
acoustic condition was added by altering the spatial configurations of the target
sound source and masker, with the masker either co-occurring with the target
sound (which is more cognitively demanding), or spatially separated by ±90°
azimuth from the target (which is less cognitively demanding). Although this
addition was in line with the general direction of the research, it was also motivated by a collaboration begun in the interim with a colleague whose research
interest was children’s spatial listening to SiN at the Department of Technical
Acoustics, University of Aachen; this collaboration and resulting exchanges
between our two institutions were formal requirements for the fulfilment of my
position within the iCARE Marie Skłodowska-Curie Innovative Training Network. The resulting Paper 2 attempted to evaluate the degree to which the listener’s language background as well as individual differences in working
memory and language ability contributed to difficulties dealing with challenging environmental factors (noises, spatial configurations). Results indicated
that although no baseline differences between first and second language SiN
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perception were discovered, working memory skills contributed more to second language SiN outcomes than first language SiN.
Papers 3 and 4 were co-conceived as part of an application for a STINT
(The Swedish Foundation for International Cooperation in Research and
Higher Education) Initiation Grant application which I authored in 2018 with
my supervisor as signatory. The successful outcome supported education, networking and research activities between my department at Högskolan i Gävle
in Sweden and former university (University of Pretoria) in South Africa, my
home country, for the period of one year. Combining my background in music
psychology with the focus of my doctoral research, the primary aim of this
collaborative project was to consider the potential of musical training to speed
up children’s development of the SiN outcomes that were assessed in Paper 2.
It is well established in the literature that poor acoustic listening environments
have negative consequences for speech perception, particularly in young children. But most studies have taken the approach of optimizing the listening environment and few have focused on how controlled alterations “in the listener”
(e.g., auditory training) might help children deal with challenging acoustics.
Musical training in particular seemed an optimal form of auditory training for
the purposes of improving SiN because music and language processing share
overlapping pathways in the brain and there is a large body of cross-sectional
evidence that people with musical training have better SiN. However, this “musician’s advantage” for SiN has yet to be consistently demonstrated longitudinally in children or adults. Therefore, a longitudinal study seemed to be the
most valuable contribution to make. Consequently, Paper 3 analysed the pretest/baseline data, testing relationships between individual differences in
memory and language ability and SiN outcomes under collocated and spatially
separated conditions, but in a much younger sample of children than Paper 2
(it was a caveat of the project that participants were in their early years of language development due to our colleagues’ interest in the development of phonological awareness in this age group). Paper 3’s findings confirmed that individual differences in memory and language ability were related to children’s
ability to cope with both noise and challenging spatial conditions in a sample
of 5-to-7-year-olds. Paper 4 assessed SiN perception and cognition in the same
children after a year of musical training, relative to a control group that received no musical training. However, findings were unable to confirm that musical training of the type, intensity and duration provided could produce a
measurable “musicians’ advantage” in the sample’s SiN or cognition.
In the section that follows, a background to speech perception will be attempted to assist informed consideration of the publications that form the body
of this thesis. The study of speech perception is highly complex and must take
into account how environmental, individual-level and group-level characteristics interact alongside other potential factors such as various perceptual and
cognitive processes, development and training. This makes it particularly challenging if not impossible to provide a comprehensive overview of. It appears
that one can never quite say enough when it comes to speech. Therefore, the
phenomenon of speech perception will be mainly discussed in light of the various independent variables that were considered in the included publications,
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and the background provided for why musical training might improve SiN.
Thereafter, an overview of the research methods used and results of the publications is given, followed by a general discussion that outlines how these studies are situated within their broader scientific context, hopefully indicating
their cumulative contribution to the literature on speech perception. Finally,
the four published articles written in fulfilment of this doctoral degree will be
presented in chronological order of writing. It should be noted that the chronological order of writing does not match the publication dates due to differences in the duration of the review and publication processes at different journals.
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Background
Speech perception
Perceptual and cognitive processing
Successful speech perception is a complex combination of bottom-up perceptual processing and top-down cognitive processing (Davis & Johnsrude, 2007).
Basic auditory processing of speech, namely the rapid discrimination of numerous spectral and temporal aspects of the speech signal, frequency and amplitude modulation detection for example (Elliott & Theunissen, 2009; Sheft,
Shafiro, Lorenzi, McMullen & Farrell, 2012), transduces incoming sensory information into recognizable patterns (i.e., phonetic information) in the speech
signal (Nusbaum & Goodman, 1994); provided that no deficits are present
which are posited to influence basic auditory processing (e.g., Developmental
Language Disorder/Specific Language Impairment, dyslexia, hearing impairment; Goswami 2011; Halliday, Tuomainen & Rosen, 2017; Tallal, 2004).
Basic auditory processing therefore constitutes a fundamental “primary recognition process” that is in most cases an essential precursor to word/non-word
recognition (i.e., phonology, morphology) and the higher subsequent levels of
cognitive processing that constitute speech perception (Pisoni, Nusbaum, Luce
& Slowiaczek, 1985).
However, basic auditory processes only partly explain speech perception.
Speech perception can only really said to have occurred when cognitive processes derive linguistic units from the information provided through auditory
and perceptual processing (Moore, 2012). Therefore, cognitive processes mediate the relationship between pre-lexical and lexical stages of speech perception, linking the auditory input with stored phonological representations as a
precursor to subsequent word recognition (McQueen & Cutler, 2010). Furthermore, as most languages have vast vocabularies derived from a small number
of phonemes (approximately 30 per language; Maddieson, 1984), subsequent
differences between words are not very large and it is therefore the task of
cognitive processes to segment speech sounds. Speech sounds occur in a continuous verbal stream, mostly without any obviously distinguishing boundaries
and often coarticulated with other phonemes (Liberman, 1970). Cognitive processes must therefore select the most likely match for each word among a multitude of nearly identical contending word representations, and do this effortlessly regardless of speaker gender or age (McQueen & Cutler, 2010).
Attentional as well memory systems are also of primacy to speech perception
and comprehension, assisting us with language learning by tracking and remembering what is being said on both short and long time-scales (Baddeley &
Hitch, 1974; Fritz, Elhilali, David & Shamma, 2007). Meanwhile, cognitive
processes further insinuate themselves through occasional lapses of correspondence between the acoustic properties of the speech signal and what is
actually heard (Moore, 2013), an exemplary case being that words are occasionally still perceived in the absence of essential acoustic information, as cog-
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nition “fills in the gaps” in perception (Warren, 1970). Furthermore, as the listener often receives signals from a number of sources simultaneously, it is the
task of cognition to filter through a number of competing sounds (i.e., auditory
stream segregation), homing in on those of importance based on an analysis of
their acoustic characteristics such as their spectral, spatial and temporal features in light of our personal interests, intentions and goals (Bregman, 1994;
Cherry, 1953). At this point, in the absence of deficits that affect subsequent
top-down cognitive processing of auditory stimuli (e.g., Auditory Processing
Disorder; Moore, Ferguson, Edmondson-Jones, Ratib & Riley, 2010), higherorder cognitive processes take phonological information and construct linguistic units of meaning through the application of grammar, semantics and pragmatics (Carroll, 2007; Yule, 2016) which are only touched on here due to their
limited relevance to the studies discussed, which focus primarily on the phonological level and lower-order cognitive mechanism. However, when it is
taken into consideration that all of these processes occur more-or-less automatically and instantaneously but also often under duress, distraction, and with the
added complications of interfering sounds or being a second-language listener,
that the complexity of cognition’s role in speech perception is glimpsed.
The role of phonological memory
As speech sounds unfold in time and all speech perception tasks require subjects to report their perception of events that have already occurred, however
recently, it is nearly impossible to research auditory perception without the
simultaneous influence of memory (Crowder, 1981; Marslen-Wilson & Tyler,
1980). Phonological long-term memory (LTM) for speech sounds (i.e., vocabulary) is produced through the act of speech perception and is essential to the
perceptual segmentation of speech in quiet and noise (Kaandorp, De Groot,
Festen, Smits & Goverts, 2016; Walley, 1993). Theoretical models have been
proposed that conceptualize and characterize a number of subsystems and processes involved in the act of encoding and retrieving memories, including representations of speech sounds (i.e., phonological representations), some of
which will now be discussed in the context of their application during speech
perception.
Due to the prevalence of so-called “multi-store” models, memory has been
popularly conceived of as a system along which information moves sequentially from one level of storage to another, usually divided into three levels
including transient sensory stores, a limited-capacity short-term store and an
almost unlimited-capacity long-term store (Atkinson & Shiffrin, 1968; Broadbent, 1958; Waugh & Norman, 1965). Atkinson and Shiffrin’s (1968) influential multi-store model is depicted in Figure 1. In their model, the sensory input,
in this case the auditory signal, is initially registered in a sensory store with an
extremely short decay time of approximately several hundred milliseconds.
Thereafter, the channel of attended-to information is copied (duplicated rather
than transferred) from the sensory store to the short-term store, also called
“working memory” in the model, with a rehearsal mechanism for keeping the
memory trace temporarily active, while the original information in the sensory
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store decays. Short-term store decay rates are slightly longer than that of sensory storage, in the order of 15-30 seconds, and decay rates differ according to
modality. Thereafter, information is more-or-less permanently copied into a
long-term storage, although still subject to some decay and/or temporarily irretrievability due to interference. Information in the long-term store has the
possibility of being retrieved and reintroduced into the short-term store as
needed. The model also speculates that a line of direct transfer from the sensory
to the long-term store might be possible, bypassing short-term memory entirely.

Figure 1. Schematic representation of Atkinson and Shiffrin’s (1968) multi-store model
of memory.

Alternatives to the multistore model emerged over time which abandoned the
notion of highly segmented modules in favour of continuums of analysis spanning perceptual and cognitive operations. For example, the “depth of processing” memory model (Craik & Lockhart, 1972) posits that perceived stimuli
are processed at a number of sequentially deeper analytical levels/stages; physical and sensory features are analysed in the initial stages while later stages are
devoted to pattern recognition and the formulation of meaning. And a so-called
“embedded process” model was proposed by Cowan (1988), who theorized
that there is only a LTM system with various levels of activation, of which
shorter-term memory processes are merely in a heightened state of activation.
However, alternative models have neither gained as much traction nor been as
extensively empirically investigated as their multi-store predecessors.
Shorter-term memory processes are considering to play a pivotal role of in
the complex syntactic and semantic computations made during listening comprehension (Daneman & Merikle, 1996). For example, Mitchell (1982) proposed that without some form of phonological storage, the listener would not
be able infer the joke contained in the statement Jake bought his new girlfriend
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a turtle for Christmas. He decided to take it back to the shop when he discovered she liked soup. The listener would also not be able to understand what
who “he” was or what “it” referred to in the second sentence. Therefore, the
role of shorter-term phonological memory processes are thought to be of particular importance for the perceptual encoding of speech as well as the storage
and retrieval of phonological information (Pisoni, 1993; Rönnberg, Holmer &
Rudner, 2019), and such processes have also been popularly conceptualized
within a modular framework. Developing on prior multi-component models of
memory which conceived of STM as a unitary system (i.e., Atkinson &
Shiffrin, 1968; Broadbent, 1958), Baddeley and Hitch (1974) proposed their
widely tested multi-component model of working memory (WM), depicted in
Figure 2. Baddeley and Hitch divide STM up into a number of sub-components
which are thought to interact with one-another, LTM and language development in different fundamental ways (Baddeley, 2003) which will now be described.
In Baddeley and Hitch’s model, speech input is theorized initially to automatically enter a short-term store called the “phonological/articulatory loop”
where it is temporarily contained and subject to a short decay time. The
memory trace in the phonological loop is kept temporarily active by way of a
rehearsal sub-process with the function of maintaining the decaying memory
trace, a mechanism which is conceived of as repeating the speech input at the
sub-vocal level (i.e., in the listener’s mind) for a short period of time in a manner analogous to a closed “tape loop” (Baddeley, 1986; Baddeley, Lewis &
Vallar, 1984). Correlations between phonological loop performance and vocabulary ability suggest that this subcomponent interfaces with LTM, giving
rise to a hypothesized role of the phonological loop in long-term phonological
learning, specifically the acquisition of new words (i.e., vocabulary) and subsequent language development (Baddeley, Gathercole and Papagno, 1998;
Baddeley, Papagno & Vallar, 1988; Gathercole & Baddeley, 1989; Service,
1992). Due to correlations between vocabulary and later attainment (Bleses,
Makransky, Dale, Højen & Ari, 2016), the importance of this subcomponent
seems to be evident. The phonological loop is also considered indispensable
when remembering ordered phonological sequences, referred to as “serial recall” in the literature, a widely tested skill which is sensitive to list order (evidenced by primacy and recency effects) and varies as a function of list length,
word length, the phonetic similarity of list items, the presence/absence of
pauses between list items, the rate at which the list is articulated and the familiarity of the list/items used (i.e., the Hebb repetition effect; for a summary of
serial recall findings, see Burgess & Hitch, 1999).
As all cognitive tasks have an additional attentional component, namely that
one’s attention must be directed towards the speech at the expense of competing stimuli, the WMC model also includes an additional control mechanism
called the “central executive” (Baddeley & Hitch, 1974) which is also deployed during speech perception tasks. This attentional component constitutes
the primary difference between models of short-term memory and WMC, both
of which are theorized to have closely related storage buffer and rehearsal components (Cowan, 1998). However, the distinct purpose of WMC’s attentional
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subcomponent is to assist the perceiver in coping with distraction, attentional
shifts or concurrent processing demands during tasks in which cognitive performance is challenged by the interference or decay of activated memory representations (Baddeley & Hitch, 1974; Conway, Cowan, Bunting, Therriault
& Minkoff, 2002; Engle, 2002). As such, simple word span tasks requiring
chunking and rehearsal (e.g., forward digit span) are considered operationalisations of STM, while complex span tasks (e.g., reading span, operation span
and counting span) are thought to tax WMC specifically (Engle, Tuholski,
Laughlin & Conway, 1999). Baddeley’s (2000) later addition of the “episodic
buffer” attempted to account for a number of unexplained phenomenon, including why recall is advantaged by meaningful relationships between words,
how the process of chunking occurs, how WMC interfaces with LTM and how
the visuospatial sketchpad and the phonological loop interface with one-another (Repovš & Baddeley, 2006). Essentially, the episodic buffer assists in
the complex integration of information from multiple sources into a temporary,
unified episodic representation (Baddeley, 2000).

Figure 2. The most recent version of Baddeley and Hitch’s (1974) three-component
model of the working memory including the episodic buffer (Baddeley, 2000).

For stored phonological representations to be retrieved (i.e., word recognition)
during speech perception, shorter-term memory processes must be able to draw
on crystalized parts of the memory system, namely LTM (the arrows between
LTM and shorter-term memory processes in the multi-store models go both
ways for precisely this reason). Experiments investigating the contribution of
LTM to STM span have compared the difference in span between words in the
participants’ native tongue, words in a foreign language (before and after participants had learned the English translations for those words) and non-words
(e.g., teggid, gug, maffow) which lack long-term memory representation, testing the hypothesis that the spans should be equal if LTM is not involved in
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shorter-term memory span processes (Hulme, Maughan & Brown, 1991). They
found higher spans for words encoded in LTM, suggesting that the memory
subsystems do not always function independently (as they might, in the case
of unfamiliar non-words). In order to clarify whether it was semantic LTM or
phonological LTM which made the essential contribution to increased memory
span for spoken words, Hulme, Roodenrys, Brown and Mercer (1995) tested
memory span before and after familiarizing participants, through a phonological training procedure, with the auditory characteristics of a set of non-words
(which had no semantic associations). Results indicated significantly higher
span for non-words after familiarization, and participants also rated phonological familiarity to be more helpful than word or semantic association. This
gives credence to their phonological hypothesis, namely that the degree of encoding of phonological representations in LTM affects the functioning of
shorter-term memory processes (e.g., temporary storage and retrieval) that underlie speech perception.
Speech perception becomes more demanding/effortful under certain conditions which increase demands placed on cognitive processes, such as the presence of noise or hearing impairment (Rönnberg, 2003; Zeveld & Kramer,
2014). Developing on Baddeley’s model of WM, The Ease of Language Understanding (ELU) model (Figure 3) was developed to explain how a speech
signal is degraded by noise (and/or the listener is hearing impaired) places increasing demands on working memory (WM; a limited capacity system for the
temporarily, simultaneous storage and processing of information; Rönnberg et
al., 2013). During SiN tasks, “lexical access” occurs when incoming phonological input is rapidly and automatically combined in the episodic buffer,
whereafter short-term representations are matched with their equivalent phonological representations in long-term memory. As interference at perceptual
or cognitive levels of processing due to noise and/or hearing impairment interferes with this matching process however, Rönnberg et al. (2013) theorized
that other skills which are also WM-resource-dependent (e.g., making inferences, inhibition, semantic integration, attentional switching) are required to
compensate and complete the lexical access process, increasing listening effort
and reducing WM capacity and short-term retention of what is heard.
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Figure 3. The most recent version of the Ease of Language Understanding (ELU) model
(Rönnberg et al., 2013) initially proposed by Rönnberg (2003).

Therefore, a considerable amount of empirical work has been dedicated to establishing the relationship between WM-related capacities and SiN perception,
with the implication that those with higher WM capacity will be more advantaged during SiN tasks. The findings of this associated body of research will
be discussed in more detail in the section “The effect of individual differences
[in cognitive ability] on speech-in-noise perception”.
The role of auditory stream segregation
In scenarios involving a single listener attending to a single speaker in quiet,
or in the presence of other speakers or noise, a number of cognitive factors
assist in the integration of what is heard over time into a single or multiple
separate auditory streams. For example, it is highly unlikely that a blindfolded
listener would not know if the speaker had changed mid-speech. Likewise,
people are extremely good at almost effortlessly focusing in on the voice of a
single speaker at the expense of a multitude of other sounds and distractions,
famously described by Cherry (1958) as the “cocktail party problem” (for reviews, see Bronkhorst, 2000, and Haykin & Chen, 2005). Whether one-on-one
or in company, the underlying cognitive processes whereby sounds are integrated over time into discrete auditory events (auditory streams) are still fairly
mysterious. Bregman (1994; 2008), arguably the central authority on auditory
stream segregation, influentially concluded that auditory streaming occurs as a
result of Gestalt grouping processes described as sequential and simultaneous
organization, aided by continuities/regularities across time in the auditory
characteristics of the speaker(s). These factors will now be described in a little
more detail due to their background relevance for speech perception generally
and also in the multi-talker scenarios that the experiments described in this
thesis are primarily concerned with.
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Sequential organization refers to the perceptual grouping of energy emanating from the same source (e.g., a salient speaker), guided by proximal relationships in frequency and spectral qualities. Thereby, sounds (e.g., phonemes) that
are perceptually similar/identical in pitch and timbre are automatically grouped
together through cognitive processes (Bregman, 2008). Simultaneous organization however is the tendency for cognitive processes to group sounds according to their frequency and spatial relationships but also temporal relationships;
therefore those sounds which are perceived as closest together in pitch and
spatial qualities, but also in temporal occurrence (i.e., with synchronized onsets
and offsets), will be integrated into a single auditory stream (Bregman, 2008).
During speech perception in single or multi-talker scenarios, the listener
groups a variety of sounds with different properties occurring close together in
time into the same perceptual stream. It is the continuity of relationships between sounds unfolding in time that provide the auditory system with cues for
auditory streaming. Continuity is taken into account on a number of levels for
streaming speech from individual speakers or decomposing auditory mixtures
comprising of multiple voices and non-speech noise into individual auditory
streams. At the broadest level, continuities such as regularities in the speech
characteristics of speakers in phonology and vocabulary, for example, are helpful for auditory streaming (Bregman, 2008). At lower levels of processing
however, the cognitive system relies on more basic acoustic characteristics of
auditory streams, such as pitch differences. Pitch contours in the vocal patterns
and fundamental frequency of a single speaker tend to vary over time in a relatively narrow range, giving most individual speakers systematic pitch continuity; this is why drastic changes in pitch lead the listener to search for an
additional speaker (Darwin & Bethell-Fox, 1977). Similarly, peaks in the
speech spectrum that occur over time, namely, formants (groups of harmonics
related to the fundamental frequency of the speaker), as well as transitions between formants, do not generally change drastically in frequency over time
within a single speaker and therefore represent another type of continuity
which is used in for perceptual grouping of auditory streams.
Spatial continuity holds that the location from which one is speaking is only
subject to gradual change due to human limitations of movement, and as such
regularities in location are helpful for auditory streaming. Sounds that obviously emanate from widely different spatial locations are therefore perceived
as coming from separate sound sources. Spatial relationships are determined
through localization cues (i.e., spatial estimations) which group sound sources
(e.g., speakers) on the basis of their angle on the horizontal plane (azimuth),
elevation and the distance of the sound sources from the listener (Gridi-Papp
& Narins, 2008).

The effect of environmental factors on speech perception
in classrooms
Classroom noise: energetic and informational masking
Classrooms in educational institutions, particularly those in which children
learn, are noisy places by nature due to the necessity for active communication.
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In addition to noise generated by teacher-child and peer-to-peer communication and other vocal sounds including laughter and singing, there are secondary
non-speech noises which are also necessary that are generated through activities in the classroom, such as chairs scraping and footsteps as well as the hum
of essential equipment (e.g., ventilation systems, projectors). Schools which
serve inner-city communities also have the addition of a variety of noise
sources coming from outside the building, such as traffic and aeroplane sounds,
which add to background noise levels. As such, international noise guidelines
have been developed for classrooms: for instance, the WHO recommends that
a background noise level of 35 dBA should not be exceeded in classrooms in
which children with normal hearing are learning, with an outside maximum
level of 55 dB in the playground (World Health Organization, 1999). However,
measurements taken in preschools and schools indicate that they are often in
contravention of recommended noise standards, particularly when the buildings are old (Shield & Dockrell, 2004; Silva, Oliveira & Silva, 2016; Yassin,
et al., 2016). As the primary effect of noise in the classroom is a reduction in
speech intelligibility, and given that we know that strong links exist between
the quantity and quality of speech input and the development of vocabulary
and grammar in children (Hoff-Ginsberg, 1998; Huttenlocher, Haight, Bryk &
Seltzer, 1991; Huttenlocher, Waterfall, Vasilyeva, Vevea & Hedges, 2010;
Weisleder & Fernald, 2013), it is not surprising that academic and cognitive
performance of children have shown to be severely compromised by the presence of noise (for reviews, see Goswami, Hassan & Sarma, 2018; Shield &
Dockrell, 2003).
Lowering the signal-to-noise ratio during speech perception heightens (i.e.,
worsens) the intelligibility threshold through masking effects (Moore, 2013)
which are defined as “The process by which the threshold of audibility for one
sound is raised by the presence of another (masking) sound” and “The amount
by which the threshold of audibility of a sound is raised by the presence of
another (masking) sound, expressed in decibels” (ANSI, 1994). In addition to
signal-to-noise ratio, the characteristics of the masker also affect the threshold
for speech perception in different ways. Masker types which are relevant to the
classroom context are usually defined at the broadest level as either energetic
maskers and informational maskers (Kidd, Mason, Richards, Gallun &
Durlach, 2008). Maskers are said to be energetic when their primary effect is
at the auditory periphery, interfering with the target signal’s energetic representation on the basilar membrane so that it cannot be adequately represented
and therefore perceived (Moore, 2013). Although the types of energetic maskers which can be expected to occur in the classroom environment are noise
sources such as chairs scraping, projectors, ventilation and traffic noise from
the street, steady-state white noise is most often employed as an energetic
masker in experiments comparing energetic and informational masking. Typically, the white noise is filtered so as to have the same long-term average
speech spectrum (LTASS) as the sample of competing speech with which it
will be compared (a so-called informational masker). This filtering occurs so
that the resulting speech-shaped noise (SSN) will suitably comparable to the
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corresponding informational masker in terms of its spectral and temporal qualities, whilst controlling for all other factors that would make it identifiably
“speech-like”, for the purposes of comparing masking thresholds.
Informational masking on the other hand is somewhat vaguely defined as
any additional masking effect which is not attributable to energetic masking
(Kidd, Mason, Richards, Gallun & Durlach, 2008). Therefore, informational
masking sometimes occurs under conditions in which peripheral processing
limitations are present, but not always; in some informational masking experiments, the signal has all the required characteristics for perceptual intelligibility (e.g., frequency, intensity and temporal resolution), but interference with
cognitive processes thwarts perception due to the nature of the masker
(Leibold, 2012). In the speech perception literature, informational masking is
often manipulated by increasing the speech-like qualities of the masker, possibly because speech easily captures higher-order cognitive processes. Sometimes the masker is speech-like but without semantic content, as in the case of
spectrally-rotated speech or a large number of speakers (i.e., multi-talker babble), or with semantic content as in the case of a single talker or small number
of talkers (Boebinger et al., 2015). Informational maskers interfere with
speech perception by masking at the auditory periphery as well as at deeper,
more central (i.e., cognitive) levels of processing (Moore, 2013). The classroom context abounds with informational maskers, such as disruptive pupils
talking over the teacher to those engaging in group activities, therefore it
should be of some concern that the effects of informational masking on children’s speech perception is considerably greater than relatively less-prevalent
energetic maskers (Wightman & Kistler, 2010). One explanation is that the
resulting perceptual interference over and above energetic masking effects is
attributed to similarity between the target speech and the masker (so-called
target-masker similarity), which is thought to derive from problems with perceptually disentangling similar sound sources at more central levels of processing, and as such thwarts auditory stream segregation (Durlach et al., 2003).
However, many different perceptual and cognitive limitations could be of interest, including an inability to attend to the correct sound source due to confusion, auditory distraction, memory limitations, and individual differences in
cognitive ability (Kidd, Mason, Richards, Gallun & Durlach, 2008).
Reverberation time
Reverberation time (RT) is defined as the length of time taken for the sound
pressure level in a room to decay by 60 dB after the initial sound onset. The
speech signal reaching the listener in a room is a combination of the direct
sound coming from the speaker as well as early reflections (50-100 ms after
the sound onset) and late reflections (those occurring after 100 ms) arriving
from the walls, floor and ceiling (Bradley, Sato & Picard, 2003; Klatte, Lachmann & Meis, 2010). If the room is sufficiently large, late reflections of the
speech signal are perceived as coming after the direct sound because the reflections take longer than the direct sound to reach the listener. The result is
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either an overlap between the reflections and the direct sound, producing perceptual smearing, or an echo effect that competes with the direct sound as if a
second speaker was present.
Due to documented effects of RT on speech perception, the WHO’s recommendation for RT in classrooms with children that have normal hearing is 0.6
s, and this figure is lowered to 0.3-0.5 s for envirocnments in which vulnerable
groups are being educated (World Health Organization, 1999). Experiments
investigating the effect of RT on speech perception generally compare performance on a speech perception task under long RT (e.g., 1-2 s) versus short RT
(e.g., 0.3-0.5 s) conditions. A number of studies have established that a long
RT affects cognitive processing of what has been heard, and that increasing
RT reduces memory for and comprehension of speech material (e.g., Hurtig et
al, 2016; Hurtig, Sörqvist, Ljung, Hygge & Rönnberg, 2016; Ljung & Kjellberg, 2009) and additionally exacerbates the effects of other background
sounds (Klatte, Lachmann & Meis, 2010).
Spatial factors in the listening environment
The classroom environment has a multitude of sound sources all vying for perceptual dominance. Part of the way in which children perceptually disentangle
simultaneously occurring sounds into discrete auditory streams is through localization of sound sources, namely using their spatial relationships as cues for
determining that one sound is discrete from another (Darwin, 2008). Spatial
relationships between sounds occur on three dimensions, namely azimuth (direction on the horizontal plane), elevation (direction on the vertical plane) and
distance (Darwin, 2008). Small differences in the time it takes for a sound to
reach the two ears called interaural time differences (ITDs) as well as intensity
differences between the two ears due to the head-shadowing effect, called interaural level differences (ILDs), have been identified as primary cues for localizing sound sources in relation to the head and listening apparatus of the
listener (Middlebrooks & Green, 1991).
Listening contexts in which sounds occur both sequentially as well as simultaneously (e.g., SiN) pose greater strain for more central levels of processing,
particularly when there is an absence of alternate cues to assist in grouping into
auditory streams. In a situation with high target-masker similarity, two competing children’s voices for example, any cues which can compensate for the
absence of spectral and temporal differences can be used to assist auditory
stream segregation. Therefore, a growing body of research indicates that the
manipulation of spatial cues during SiN perception tasks produces what has
been referred to as “spatial release from masking”, namely an intelligibility
advantage in decibels (dB) due to increasing the spatial separation of sound
sources from one-another (e.g., Jones Johnstone & Litovsky, 2006; Kidd, Mason, Best & Marrone, 2010; Litovsky, 2005), depicted in Figure 4. This suggests that the auditory system uses available spatial cues (ITDs and ILDs) in
order to compensate for the presence of maskers (Litovsky, 2012).
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Figure 4. The left panel shows the target and noise masker collocated at 0° azimuth in
front of the listener. The right panel shows a spatial separation of target and noise
masker in relation to the listener of 90° azimuth (i.e., on the horizontal plane). The resulting perceptual advantage of spatial separation in decibels (dB) is called “spatial release from masking”.

The effect of individual differences on speech-in-noise
perception
The effects of individual differences in age on SiN has shown that children are
particularly susceptible to the effects of maskers because the auditory and cognitive systems are in a state of developmental maturation throughout childhood, with different sub-skills maturing at different rates. Some skills mature
in early childhood, such as the discrimination of high-frequency tones and the
ability to follow envelope cues and temporal fine structure processing.
Because children’s SiN perception is the product of maturational, bottomup and top-down processes, it seems intuitive that this skill might additionally
be partially dependent on individual differences in cognitive abilities, even
when the age variable is held constant. WMC in particular has been theorized
as essential for dealing with the effects of distraction and noise (Rönnberg,
2003; Sörqvist, 2010). Although the link between SiN and WMC has not been
conclusively established in first-language adult listeners with normal hearing
(see meta-analysis by Füllgrabe & Rosen, 2016), children’s SiN abilities improve with age (Moore, 2013) under the influence of co-maturing cognitive
processes, therefore individual differences, maturational or otherwise in nature, would be likely to affect SiN perception. Likewise, the part played by
linguistic processes is also in evidence, particularly in studies which indicate
that differences in language ability and the presence of language deficits such
as dyslexia and language learning impairment are related to SiN outcomes
(Ziegler, Pech-Georgel & Lorenzi, 2009; Ziegler, Pech-Georgel, George,
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Alario, F. & Lorenzi, 2005). Furthermore, language ability as a function language background, with age of acquisition as well as the level of language
exposure as mediating factors (Mayo et al., 1997), has shown to be related to
poorer SiN thresholds in second-language listeners relative to first-language
listeners (Crandell & Smaldino, 1996; Nelson, Kohnert, Sabur & Shaw, 2005).
Finally, the ability to utilize spatial cues has also been shown to confer advantages for SiN perception by assisting in the cognitive process of segregating
target and masker sound sources, evidenced by the s phenomenon (Cameron
& Dillon, 2007). As such, it is likely that individual differences in WMC, language ability and spatial processing should be meaningfully related to SiN perception, with the implication that those with higher abilities might be expected
to have better SiN perception.

Could musical training improve speech perception
outcomes?
Musical training is known to develop complex motor, cognitive and auditory
abilities that may theoretically transfer to other domains. There is a large body
of evidence for the so-called “musicians’ advantage”, a phrase that has used to
describe the cognitive and linguistic benefits associated with playing an instrument. For example, musical training has been linked to improvements in neural
encoding of speech (Strait et al., 2014), higher order cognitive processing of
language (Bidelman et al. 2014) and other auditory skills (Kraus & Chandrasekaran, 2010). Patel’s OPERA hypothesis (2011) theorizes that the overlap
between language and music processing networks in the brain, as well as the
capacity for musical training to develop the domain-general faculty of sustained attention, might partially explain language gains seen as a result of musical training (e.g., reading and linguistic pitch processing; Moreno et al.
2008). However, to date there is very little evidence on how learned musical
skills might make the far-transfer to gains in receptive and expressive language, despite the potential for music to be used in a clinical setting for language remediation being long been considered (Tallal, 2014).
From an auditory standpoint, there is a general consensus that improved
perception of spoken phonemes and speech processing more generally could
improve language outcomes. The “phonological theory” (Ramus, 2003; Tallal,
2014) posits that the formation of complete representations of speech sounds
in the brain is the substratum of language development as a whole. For the
phonological theory to be accurate, individuals with developmental languagelearning disorders (e.g., dyslexia and specific language impairment) should exhibit auditory processing problems, as indeed they do (Halliday, 2014; Rosen,
2003). Additionally, those with hearing loss have shown to exhibit both auditory processing problems (Halliday, 2005) due to sensorineural damage within
the cochlear, as well as moderate language delays (Halliday, 2017). Therefore,
the phonological theory is fairly well substantiated and provides a sound theoretical framework on which to further describe the link between musical training and the development of auditory skills on the one hand, and the far-transfer
of those skills to language on the other.
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The auditory processing of music and speech has been shown to share many
similarities which substantiate how music might affect language outcomes via
improvements in speech perception. For example, both music and speech require the ability to discriminate fluctuations in the amplitude envelope of
sounds. In speech, this basic process allows for segmentation of words and
syllables as well as aids with identifying prosodic features such as vowel and
consonant accentuation that is so important for shaping language (Patel, 2011).
Correspondingly, amplitude envelope fluctuations in music are essential for
musical rhythm in that this basic process allows for perception of segmentation
of musical sounds and identifying strong and weak beat stresses. On a broader
level this is linked to the perception of loudness, therefore the entire expressive
quality of musical dynamics is entirely contingent on perception of amplitude
fluctuations. Furthermore, the timbre or perceived tone quality that allows one
to differentiate between two different instruments is also dependent on amplitude fluctuations, particularly the slope of the envelope onset (called the “attack time”) (Gordon, 1987). Another speech-music overlap is evident in frequency processing, of which pitch (i.e., the perception of whether a tone is
perceptually higher or lower in frequency) is the perceptual correlate. Musicians necessarily navigate their way through tonal landscapes in which pitch is
continuously modulating, and musical training therefore develops the ability
to discriminate between different pitches to a fine degree. Perception of the
emotional and linguistic information in speech prosody is also contingent on
accurate pitch discrimination and studies have shown that this pitch discrimination, when developed through musical training, is transferrable to the linguistic domain (Besson et al., 2007).
Of particular importance to the present these is how these overlaps might
benefit speech perception in the sorts of learning contexts that children encounter in the early years of schooling; specifically, noisy environments. While a
good deal of correlational evidence exists suggesting a causal relationship between the amount of musical training and SiN perception in adults (Başkent &
Gaudrain, 2016; Bidelman, Weiss, Moreno & Alain, 2014; Parbery-Clark,
Skoe, Lam & Kraus, 2009; Strait, O’Connell, Parbery-Clark & Kraus, 2013)
and children (Strait, O’Connell, Parbery-Clark & Kraus, 2013; Strait, ParberyClark, Hittner & Kraus, 2012), albeit with some exceptions (Boebinger et al.,
2015; Fuller, Galvin, Maat, Free & Başkent, 2014; Ruggles, Freyman & Oxenham, 2014), a smaller number of longitudinal studies have been able to confirm a causal connection (Fleming, D., Belleville, S., Peretz, I., West, G., &
Zendel, 2019; Kraus et al., 2014; Slater et al., 2015; Zendel, West, Bellville &
Peretz, 2019). If this “musicians advantage” is truly present however, the potential for musical training to be used for improving SiN perception in groups
for whom the challenges of noisy environments might be greater (e.g., children, second language learners, groups with sensory and cognitive deficits) requires extensive investigation, once research has sufficiently established baselines such as the quantity and frequency of training required to produce improvements in SiN outcomes in children with normal hearing.
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Research aims, hypotheses and designs
Paper I
This study aimed to quantify the roles of cognitive abilities in helping second
language listeners cope with the effects of poor room acoustics. More specifically, it aimed to determine whether those with poorer cognitive skills are disproportionately affected by increasing RT during second-language listening
comprehension tasks. It was hypothesized that those with lower performance
on cognitive tasks that support listening comprehension, namely executive
functions and vocabulary, would benefit less from “release from RT” when
performing listening comprehension tasks in their second language (release
from RT was quantified as: an increase in language comprehension score produced by reducing the RT from 0.9s to 0.3s). A mixed design was used to determine whether there were any interactions between long/short RT listening
comprehension and high/low executive function and language groups.

Paper II
The second study aimed to investigate whether bilingual listeners’ speech reception thresholds (SRTs) for 50 % intelligibility were disproportionally affected by the presence of energetic and informational maskers and challenging
spatial conditions when listening in their second language than when listening
in their mother tongue. Furthermore, the age at which the second language was
acquired was hypothesized to predict second language SRTs. The role of cognitive processes that support speech perception were also evaluated so as to
identify whether their relationships to first and second language speech perception were different. It was expected that cognitive processes would be more
imperative to the process of speech perception in the more cognitively demanding/effortful listening situation, namely when listening to second language
speech. Tests of language ability, working memory and first and second language SiN perception under different acoustic conditions in which manipulations of masker type (speech-shaped noise, multi-talker babble) and spatial location (collocated, spatially separated) were assessed. SRTs for number and
colour words presented in a carrier sentence were assessed under different conditions using a 2 language (English, Swedish) x 2 noise type (speech-shaped
noise, multi-talker babble) x 2 location (collocated, spatially separated) mixed
experiment design.

Paper III
The aim of Paper III was to determine the extent to which individual differences in cognitive and language ability contribute to SiN perception and spatial
release from masking in monolingual children at a critical phase of their language development. It was expected that poorer supporting language and cognitive skills would be related to worse SRTs under the various noise and spatial
conditions, and subsequently worse spatial release from masking, with the implication that those falling into the lower end of the distribution of scores were
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disproportionately affected by challenging acoustic conditions during speech
perception tasks. Memory span and expressive language scores were obtained
in order to define high and low cognitive and language ability groups and observe any interactions with the dependent variable: SRTs under energetic
(SSN) and informational (single talker) maskers that were either collocated or
spatially separated from the target. A mixed experiment design was used to
determine if the different levels of the between-subjects factors, language and
memory span, interacted with SRTs at different levels of the within-subjects
factors (spatial location, background noise).

Paper IV
The central aim of Paper IV was to test the hypothesis that musical training
produces benefits for cognitive and auditory skills, implied by the widespread
reference to a “musician’s advantage” in the cross-sectional literature but supported by only a small number of longitudinal studies. Children going into their
first year of a school in which they received a large quantity of music were
expected to perform better on the measures of SiN perception under the same
noise type and spatial conditions used in Paper III, as well as phonological
short-term memory (a cognitive process which supports speech perception),
after one year relative to a control school in which children received a large
quantity of sports instead of music. A mixed design was used to evaluate relationships between levels of the grouping between-subjects factor and the same
within-subjects factors as Paper III.
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Methods
Language and cognitive assessments
The Boston Naming Test (BNT)
The experiments presented in Papers I and II made use of the BNT (Kaplan,
Goodglass, Weintraub, Segal & van Loon-Vervoorn, 2001) which assesses vocabulary using a picture/confrontation naming paradigm. Participants are presented with sets of 15, 30, 60 or 85 images depending on the version of the test
used, with image sequences progressively increasing in difficulty. After each
picture is displayed, participants are prompted to select the corresponding word
for the presented image from four multiple-choice options. A computerized
sixty-item version was developed for in Paper I and two computerized English
and Swedish thirty-item versions of the test were used in Paper II to present
the images and capture responses to the multiple-choice questions.
The Renfrew Action Picture Test (RAPT)
Paper III assessed the information and grammar content of children’s language
using the RAPT (Renfrew, 2011). This test uses a confrontation naming paradigm in which 10 pictures are presented sequentially which illustrate a complex activity or scene (e.g., a girl hugging a teddy bear). The participant is
required to describe to the researcher what they see while the researcher dictates their description verbatim and scores the information and grammar content according to stipulations provided in the accompanying RAPT manual.
Number Repetition – Forward and Backward
Phonological memory was assessed with subtests from the Clinical Evaluation
of Language Fundamentals (CELF-4 UK) (Semel, Wiig & Secord, 2003),
namely “Number Repetition – Forward” (forward digit span) in Paper II and
IV and “Number Repetition – Backward” (backward digit span) in Paper III.
In the forward digit span task, participants are asked to recall, in serial order,
up to 16 lists of numbers that became sequentially longer, with a minimum of
two and maximum of nine numbers. The task is almost identical in the backward digit span task, but the order in which the items were to be recalled is
backwards. Both assessments were conducted by a researcher based on the
protocol provided in the CELF-4 manual.
Number updating
A number updating task was developed to assess executive functions in Paper
I. Twelve lists containing 10 two-digit numbers were presented sequentially to
participants for 2 seconds, after which they were instructed to recall the three
lowest numbers in serial order (i.e., original order of presentation). This test
was presented in a computerized format that was developed in-house. Numbers
were presented on a custom-made user interface and participants typed their
responses when prompted.
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Speech perception assessments
Speech-in-Noise
Papers II to IV measured SRTs using a test based on the Children’s Coordinate
Response Measure described in Vickers, Degun, Canas, Stainsby and
Vanpoucke (2016) and incorporating a spatial release from masking paradigm
based on that of Cameron and Dillon (2007). An adaptive procedure was used
to ascertain the 50% threshold for intelligibility of a carrier sentence with two
target number and colour words (“Show the dog where the <number> <colour>
is”) in the presence of energetic maskers (SSN in Papers II-IV) and informational maskers (multi-talker babble noise in Paper II, and a single competing
adult male talker in Papers III and IV), by incrementally decreasing the signalto-noise ratio of the stimuli until. Furthermore, the location of the masker was
manipulated spatially to either be collocated with the target or spatially separated by +90° azimuth. In Paper II, the speech stimuli were presented in both
Swedish and English, but only English in Paper III and IV, and in all conditions
the talker was an adult male. The auditory stimuli were presented over calibrated headphones and a designated external sound card. The user interface
which captured their responses was developed in-house and presented participants with a picture of a dog beside six coloured matrices (black, red, white,
blue, green and pink), with each matrix containing eight numbered click-boxes
(numbered one to eight, omitting the di-syllabic number seven).
Listening Comprehension
The experiment described in Paper I used listening comprehension items taken
from the Swedish National Assessment Project (Erikson, 2009), namely News
Items 1 and 2 from the “Focus: Listening” section (Nilsson, 2016). A total of
18 news items read by nine different male and female talkers were reproduced
in high and low RT classroom simulations which virtually reproduced measurements taken at two schools in Sweden. Participants were required to answer
a multiple choice question on the contents of the news item once they had heard
it in full. The test was sequenced with in-house software and the auditory stimuli were presented over calibrated headphones and an audio interface. Responses were captured in writing on pre-prepared answer sheets.
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Summary of results
Paper I
Listening comprehension scores for news items heard under long and short RT
did not interact with the level of executive function ability (high/low). The interaction plot, Figure 5, indicates that those falling into a higher vocabulary
group had better listening comprehension under both RT conditions, while
those in the low vocabulary group derived no benefits from release from RT.
The high vocabulary group, however, was additionally benefited by release
from RT, performing significantly better in the short RT condition than they
had in the long RT condition.

Figure 5. A significant interaction between reverberation time and vocabulary factors indicated that having strong language skills were linked to better performance under both
long and short reverberation time conditions, with additional benefits when reverberation
time was short.

Paper II
Participants second language (English) SRTs were significantly better (i.e.,
lower) than first language (Swedish) SRTs, however, collocated and multitalker babble conditions produced worse (i.e., higher) average SRTs and there
were no significant interactions; significant main effects are displayed in Figure 6.
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Figure 6. Speech reception threshold main effects for factors Language, Location and
Noise type. Error bars show the SRT ranges for each condition.

Further, a multiple regression was conducted to ascertain the degree to which
the age of second language acquisition and working memory predicted aggregated first and second language SRTs. Only second language SRTs correlated
significantly with backward digit span scores, illustrated in Figure 7. However,
a post-hoc evaluation detected that the non-significant relationship between
working memory and first language SRTs had overlapping confidence intervals, implying that they were not significantly different from one-another.
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Figure 7. Correlation coefficients and linear regression lines showing the relationship
between backward digit span scores and first language (Swedish) and second language
(English) speech reception thresholds (SRTs).

Paper III
The predicted pattern of main effects (language, location, noise type) observed
in Paper II were corroborated in Paper III. A significant relationship between
backward digit span scores and aggregated SRTs was detected, suggesting that
working memory might support SiN perception as theorized. But the main
findings of Paper III were that spatial release from masking was dependent on
the nature of the noise masker, and the cognitive and language abilities of the
listener, with a high working memory suggesting benefits for dealing with spatially separated sound sources and high language ability for coping with collocated sound sources. Interactions are depicted in Figure 8.
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Figure 8. Significant interaction effects indicate that speech reception thresholds (SRTs)
interacted with the levels of the noise type (speech shaped noise, single talker), the
level of the working memory of the listener (high/low) and their language levels
(high/low).

Paper IV
The pattern of main effects was consist with the previous two papers, indicating that the presence of informational maskers makes speech perception more
challenging than energetic maskers, as does the collocation of target and
masker. However, findings did not support the main hypothesis, that one year
of musical training of the frequency and duration provided would produce better SRTs and phonological short term memory scores in the musical training
group relative to the group that received sport training, thereby offering no
longitudinal support for the “musician’s advantage” in young children.
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General discussion
The experiments reported in this thesis are broadly in agreement with the literature on speech perception under the challenging acoustic, masker and spatial
conditions tested: Paper I supports the hypothesis that the perceptual smearing
caused by increasing RT is problematic for second language speech perception,
something that is well established for less complex stimuli (Hurtig et al, 2016;
Hurtig, Sörqvist, Ljung, Hygge & Rönnberg, 2016; Ljung & Kjellberg, 2009)
and which predictably generalized to more complex linguistic stimuli, namely
listening comprehension. Papers II to IV indicate that maskers with greater informational characteristics produce higher (i.e., worse) SRTs than purely energetic maskers, corroborating the widely demonstrated influence of targetmasker similarity and other factors which interfere with speech processing of
speech at the cognitive level (Durlach et al., 2003; Kidd, Mason, Richards,
Gallun & Durlach, 2008). Meanwhile, collocated SRTs were consistently
higher than spatially separated ones in all the studies in which these differences
were determinable, confirming the measurable benefits of interaural time and
level differences during SiN perception tasks widely demonstrated in the spatial release from masking literature (Jones Johnstone & Litovsky, 2006; Kidd,
Mason, Best & Marrone, 2010; Litovsky, 2005; 2012). That Papers I to IV
cumulatively suggest that cognitive processes might play a supporting role in
dealing with challenging acoustic environments is also consistent with Rönnberg’s ELU model (2003), suggesting that those with poorer cognitive capacity
and resources are disproportionately affected by the presence of challenging
acoustic conditions. Cognition’s increased role in second-language speech perception in particular (Paper II) could also justifiable in terms of the ELU model
when one considers that phonological representations for second language
speech are improperly or incompletely formed in a way that is at least partly
analogous to those with partial hearing. Therefore, speech perception difficulties in a second language are similarly likely to be compounded by the presence
of noise, necessitating in both cases that cognition steps in to help make up the
perceptual deficit.
This small body of research departs unexpectedly from the literature in two
areas. Firstly, second-language SRTs were not in fact worse than first-language
SRTs under any of the masker and spatial manipulations. This surprising result
was inconsistent with what has been referred to as the “foreign language cocktail party problem” (Cooke, Lecumberri & Barker, 2008), which describes a
native advantage for speech in the presence of noise maskers (Crandell &
Smaldino, 1996; Nelson, Kohnert, Sabur & Shaw, 2005). Furthermore, despite
the sample consisting of late bilinguals, the age of second-language acquisition
showed no relationship with second-language SRTs as both the literature
(Mayo, Florentine & Buus, 1997) and common sense suggested. Both of these
unexpected findings are most likely due to the fact that the second language
group were uncharacteristically good at their second language, falling into the
range of performance of first language speakers.
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Secondly, the literature on the potential of musical training to produce a
“musician’s advantage” for SRTs is promising due to a convincing theoretical
background (see Patel, 2011, for example) and a large body of cross-sectional
evidence (including, but not restricted to: Başkent and Gaudrain, 2016; Bidelman, Weiss, Moreno & Alain, 2014; Parbery-Clark, Skoe, Lam & Kraus, 2009;
Strait, O’Connell, Parbery-Clark & Kraus, 2013; Strait, Parbery-Clark, Hittner
& Kraus, 2012). Our longitudinal results were unable to support such an advantage after a year of musical training in younger children. However, these
findings by no means conclusively disprove anything; more research is clearly
needed in order to determine whether these results are corroboratable, or if they
are attributable to the various limitations discussed in the corresponding papers.
The primary strengths and limitations of this body of work are both methodological. The two word recognition in noise tasks used in Paper II to IV were
highly controlled and attempted to achieve the highest possible level of ecological validity attainable in the laboratory through use of acoustic modelling
software, and the SiN perception results were analysed using robust statistical
procedures. However, the linguistic content of task was insufficiently complex
to make broader claims about perception of everyday speech, restricting the
generalizability of the findings. Unfortunately, finding a balance between sufficiently controlled experimental conditions required us to err on the side of
safety, less generalizable findings being more publishable than those with
wider applicability but containing an abundance of potential confounds. Furthermore, digit span tasks have been widely used with a strong empirical basis
for measuring people’s ability to store and reorder phonological information
on short timescales, and these tasks were also optimal for the young age groups
tested due to their elegant simplicity. However, complex memory span tasks
such as listening span might have provided better operationalizations of phonological short-term memory and its subcomponents (i.e., working memory
capacity), had the young age group tested been able to cope with such a task.
Additionally, this research was directed towards developing populations
within very specific age ranges and at very specific stages of development,
which, although providing developmental specificity, means that results cannot be generalized beyond those age groups. More research is therefore required to track the developmental process with regards to speech perception
and the potential benefits of musical training for speech-in-noise.
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Conclusion
The overall conclusion and particularly the take-home message of this thesis
was supposed to be clear-cut, supporting the logical deductions from which the
various research questions originated. It was supposed to establish that second
language listeners and poorer cognitive performers were unfairly influenced
by the presence of background noise, particularly sounds which interfered with
speech perception at the cognitive rather than peripheral levels of processing.
But, the cohesive narrative would conclude that there would be a light at the
end of the tunnel: musical training, a holistic form of auditory training accessible to nearly all children in some form or another at their critical stages of
language development the world over, would provide the solution by indicating its benefits for speech-in-noise perception and supporting cognitive skills.
Post-doctoral research could then be dedicated to applying this auditory elixir
to perceptually, cognitively and linguistically challenged groups so as to establish the generalizability of the findings and, ultimately, “make a difference”.
Unfortunately, under some conditions scientific research can raise more
questions than it answers. The take-home messages of this thesis are somewhat
tentative as a result: that there is some cause to suspect that word recognition
under the conditions tested interacts with cognitive and linguistic abilities in a
way that might encourage deeper exploration, particularly beyond those within
“normal” ranges of performance, so as to determine whether those at the lower
ends of the distribution do not get left behind in listening environments that are
not optimized for them. Increasingly more linguistically sophisticated stimuli
should also be used to determine whether these effects generalize to speech
perception under more ecologically valid conditions. Furthermore, although
one year of musical training was not sufficient to improve speech-in-noise perception and cognition in young children with ordinary abilities, there is no reason to believe that these findings are generalizable to all areas of perception
and cognitive processes as well as other equally important processes which
develop throughout childhood such as social and emotional skills. Likewise
groups; the ageing population and certain clinical populations, such as those
with hearing loss or serious linguistic and cognitive diagnoses, might benefit
from well-designed musical interventions in a number of ways.
This thesis was supposed to end conclusively, with applied implications and
a strong take-home message. But the reality of these findings is that they cumulatively represent nothing more than initial uncertain steps along the pathway to an individual understanding of the extremely complex and hotly contested phenomena of speech perception. The true value of this thesis is as a
record of the incremental scientific process at work. And much work still lies
ahead.
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ABSTRACT

ARTICLE HISTORY

The acoustic qualities of a room can have a deleterious eﬀect on the quality of speech
signals. The acoustic measurement of reverberation time (RT) has shown to impact
second language (L2) speech comprehension positively when lower due to release from
spectral and temporal masking eﬀects as well as top-down processing factors. This
auralization experiment investigated the beneﬁts of better L2 vocabulary and executive
function (updating) skills during L2 listening comprehension tests under shorter versus
longer RT conditions (0.3 and 0.9 s). 57 bilingual university students undertook L2
vocabulary, number updating and L2 listening comprehension tests. After splitting
groups into high/low vocabulary and updating groups, a mixed ANOVA was conducted.
The high number updating group showed no signiﬁcant diﬀerences or interactions in L2
listening comprehension than the lower number updating group across RT conditions.
The high vocabulary group had 22% better L2 listening comprehension than the low
vocabulary group in long RT, and 9% better in short RT. A signiﬁcant beneﬁt in L2
listening comprehension due to release from reverberation was only evident in the high
vocabulary group. Results indicate that the beneﬁt of good room acoustics for listening
comprehension is greatest for those with better language (vocabulary) ability.
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Introduction
Background
Why do second language (L2) learners struggle to
hear what people are saying in rooms with poor
acoustics, and which aspects of cognition support
L2 listening comprehension? This study investigates
whether higher L2 vocabulary and better executive
functions improve L2 listening comprehension
under normal acoustic conditions as well as those
made more cognitively demanding by the manipulation of reverberation time (RT).

Reverberation time and second language
listening comprehension
Speech is a major channel through which learning
and remembering occur. Accurate speech comprehension depends on a clear and distinct sound
CONTACT Douglas MacCutcheon

signal so that the speech sounds can activate corresponding phonological representations stored in
long-term memory (Rönnberg et al., 2013). Under
environmental conditions in which the sound signal
is degraded or distorted, a number of past experiments have shown that greater demands are
placed on mediating cognitive processes. For
example, poor acoustic conditions such as long RT
and additional background noise have been shown
to impair listening comprehension (Klatte, Lachmann, & Meis, 2010; Peng & Wang, 2016; Sörqvist,
Hurtig, Ljung, & Rönnberg, 2014), memory of
spoken words (Hurtig et al., 2016; Ljung & Kjellberg,
2009), memory of spoken lectures (Ljung, Sörqvist,
Kjellberg, & Green, 2009) and learning (Hygge,
2003; Hygge, Evans, & Bullinger, 2002). Therefore,
acoustic conditions in environments in which education takes place should provide the highest
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quality acoustics as speech perception is such an
important aspect of education. However, the value
of the acoustic environment for learning is underestimated in Sweden, as a consideration of the Board of
Director’s regulations, BBR (Boverkets Byggregler), for
classroom environments indicate. As the BBR states
that sound classroom environments must be in
accordance with Swedish standards (SS25268:
2007), RT in a Swedish classroom must be in the
range of 0.5–0.8 s as per speciﬁcations for buildings
in sound Class C. It is unclear what motivates the
BBR’s choice of RT for Class C sound environments,
but how speech perception is negatively aﬀected as
a function of increased RT has been considered in a
number of studies (Hurtig et al., 2016; Klatte et al.,
2010; Klatte, Bergstroem, & Lachmann, 2013; Ljung,
2010; Nábělek & Donahue, 1984; Sörqvist et al., 2014).
A sound source in a room is perceived as a combination of its direct sound, which is the sound travelling straight from the source to the listener, and
so-called “early” and “late” reﬂections from nearby
reﬂective surfaces such as the ﬂoor, walls and
ceiling (Kuttruﬀ, 2016). Depending on listener position and room geometry, “early” reﬂections are
those occurring within a certain period of time
after the direct sound (e.g. 80 ms) and are perceptually reinforcing the direct sound by making it
appear louder while increasing speech intelligibility
(Kuttruﬀ, 2016). “Late” reﬂections can be seen as a
dense accumulation of reﬂections that evolve stochastically after the early reﬂections (Kuttruﬀ,
2016). Commonly, RT is used to describe the reverberant nature of a room and is deﬁned as the time
(in seconds) it takes for the energy decay curve to
drop by 60 dB after a sound event occurred. RT
depends on the volume of the room, its surface
area, and material properties, the latter deﬁning
the amount of absorption and scattering of reﬂections (Vorländer, 2007). Larger room volumes result
in longer RTs, which in turn increase the perceptual
smearing of the speech signal due to the manner in
which late reﬂections interfere with the direct sound
(Everest & Pohlman, 2015; Kuttruﬀ, 2016). Therefore,
acoustical design that keeps RT in an optimal range
(i.e. lower) potentially leads to more successful
verbal interaction among talkers and listeners.
The combined eﬀects of temporal masking,
spectral masking and RT could theoretically explain
problems with listening comprehension under
increasingly reverberant listening conditions.
However, all vowels fall below or within the frequency
range of consonants (Scheuerle, 2000), and spectral

masking of speech occurs when lower frequency components of the speech signal (e.g. vowels) mask higher
frequency counterparts (e.g. consonants), referred to
as “upward spread of masking” (Moore, 2012). This
poses a problem for speech perception because the
informational component of speech is far more
dependent on consonant intelligibility than vowel
intelligibility (Ljung, 2010). Additionally, vowels are
voiced and subsequently louder than unvoiced consonants. Temporal masking of speech occurs with
increasing RT as the duration of louder sounds (i.e.
vowels) increases, mixing with late reverberations
from preceding phonemes and adding to noise
masking the target speech (Everest & Pohlman,
2015; Klatte et al., 2010; Klatte et al., 2013; Moore,
2012). Therefore, a longer RT can degrade the
speech signal temporally and spectrally, aﬀecting the
perception of the segmentation of speech by
making word onsets unclear, impairing perception of
prosodic cues and smearing the boundaries
between words (Lecumberri, Cooke, & Cutler, 2010).

The role of cognitive factors second language
listening comprehension under degraded
conditions
Cognitive factors mediate the central processing of
speech in reverberant sound environments in
various ways, by helping listeners to track and
remember what is being said or to use contextual
and other cues (e.g. word frequency, lexical neighbourhood) to inform guesses and thereby ﬁll in the
perceptual gaps when uncertain (Lecumberri et al.,
2010; Wingﬁeld, Alexander, & Cavigelli, 1994). When
the signal is degraded, for example, by excessive
reverberation or noise, listening comprehension
could be compromised if the listener incorrectly ﬁlls
in the missing information with likely alternatives
based on incorrect lexical guesses or expectations.
As L2 listeners’ cognitive resources are primarily
taken up with bottom-up perceptual decoding integration when the signal is degraded, referred to as
“bottom-up dependency”, less resources remain for
semantic integration of the words into larger units
of meaning (Field, 2004). Therefore, contextual cues
would be less useful in directing lexical expectations
when the signal is degraded, leading to the perpetuation of a circle in which misheard words build incorrect contexts which misinform further incorrect
lexical predictions (Field, 2003). Studies on adults
have found that the listener’s language background
further mediates L2 listening comprehension at the
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cognitive level. Stæhr (2009) indicated that the
degree of L2 vocabulary knowledge is predictive of
L2 listening comprehension generally, and Bradlow
and Bent (2002) state this to be a result of a mismatch
between ﬁrst language (L1) and lexically similar L2
items. Studies investigating L2 speech perception in
a number of diﬀerent noise types indicated the
beneﬁts of general proﬁciency in L2 for L2 speech
perception in noise (Kilman, Zekveld, Hällgren, &
Rönnberg, 2014; Peng & Wang, 2016). However,
when the signal is degraded by RT, a cumulative
eﬀect of signal distorting factors in conjunction
with L2 levels of ability has been noted (Nábělek &
Donahue, 1984; Sörqvist et al., 2014; Takata &
Nábělek, 1990). Nábělek and Donahue (1984)
showed that, even when L2 proﬁciency was high,
there was a 10% drop in L2 listeners’ perception of
consonants relative to L1 listeners when signal distortion due to increase in RT was introduced. A study by
Takata and Nábělek (1990) indicated a drop in L2
speech perception from 97% to 73% when reverberation was introduced (RT = 1.2 s). The drop in performance was 8% worse than the corresponding drop in
L1 listeners. Meanwhile, Sörqvist et al. (2014) indicated that L2 proﬁciency (measured by a L2 reading
comprehension test) could help mitigate the negative eﬀects of a longer RT.
Working memory capacity (WMC), a limited
capacity cognitive system for the temporary
storage and rehearsal of sensory information
(Engle, 2002), has been considered to play a
further mediating role in listening comprehension
in degraded conditions. Speech perception impaired
as a result of hearing loss, versus signal distortion
due to environmental factors (e.g. noise, RT), is
similar to the extent that they are both theorised
to impair perception by placing additional
demands on cognition. In listeners with hearing
impairment, the beneﬁts for speech perception of
improvements in the speech processor in hearing
aids have been linked to WMC, speciﬁcally the
freeing up of cognitive resources (described as “cognitive spare capacity”) for higher order language
processing (Rudner & Lunner, 2014). Rönnberg
et al. (2013) Ease of Language Understanding (ELU)
model of speech comprehension describes this
process in reverse, theorising that perceptual
deﬁcits such as hearing loss divert cognitive
resources away from top-down language processing, forcing the listener to devote more cognitive
processing to assist with perceptual processes.
However, environmental degradation due to RT in
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those with ordinary hearing is also thought to
place similar demands on cognitive processes. For
example, Kjellberg (2004) theorised that speech
degraded by RT increases the number of lexical possibilities, thereby increasing the amount of processing required to match the degraded signal with
representations stored in long term memory,
turning an almost automatic bottom-up process
into a cognitively demanding top-down one. Field
(2003, 2004) has advanced the view that L2 listeners
are already particularly dependent on bottom-up
perceptual processes than L1 listeners. This provides
grounding for the hypothesis that the eﬀect of RT on
cognitive processes could be even further compromised and that the beneﬁts of reducing RT would
be especially pronounced in L1 listeners. Sörqvist
et al. (2014) reported correlations between WMC
and L2 listening comprehension under three RT conditions. It has been shown that executive functions
and WMC underlie a wide range of complex cognitive processes, including reading and language comprehension (Daneman & Carpenter, 1980; Daneman
& Merikle, 1996; Engle, Cantor, & Carollo, 1992; Engle,
Nations, & Cantor, 1990; Turner & Engle, 1989),
reasoning (Daneman & Carpenter, 1980), wordproblem solving (Wiley & Jarosz, 2012), learning to
spell (Ormrod & Cochran, 1988) and learning a
new vocabulary (Daneman & Green, 1986). According to Miyake et al. (2000), executive functions as a
subprocess of working memory are based on three
key elements, shifting, inhibition and updating,
which together help people stay on task by suppressing task-irrelevant information (Sörqvist, Halin, &
Hygge, 2010). Shifting is the ability to switch attention back and forth between mental sets or operations and inhibition is the ability to inhibit
unwanted information (Miyake et al., 2000). Updating is intrinsically related to WMC (Carretti, Cornoldi,
& Pelegrina, 2007) as it is theorised to monitor
incoming information and revise items held in
working memory by replacing old information with
new, relevant information (Miyake et al., 2000). It is
therefore theorised to play a signiﬁcant role in the
accurate recall of sequences of words, and indeed,
poorer updating has been associated with lower
recall and a higher incidence of misremembered
items (Carretti, Cornoldi, De Beni, & Romanò, 2005;
Palladino, Cornoldi, De Beni, & Pazzaglia, 2001). Muijselaar and de Jong (2015) have considered the function of updating in reading comprehension. They
theorised that updating could be related to how a
listener builds up a so-called “situation model” of a
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text, which is eﬀectively a mental model of the situation being narrated, built by successively updating
events in memory as the narrative unfolds in time.
However, they found no eﬀect of updating on
reading comprehension in their study when considered at such a broad level. It should be noted
that updating could be applicable to language comprehension in quite diﬀerent contexts depending on
the task and the way in which updating is assessed.

The present study
This research investigated L2 listening comprehension in a virtual classroom context. All stimuli were
simulated in virtual acoustic environments based
on actual acoustic measurements taken at two participating schools in Sweden: one with poor acoustics,
speciﬁcally a longer RT of 0.9 s, and one with good
acoustics, with a shorter RT of 0.3 s. This study
builds on Sörqvist et al. (2014) by evaluating the
role of L2 proﬁciency using a more exact measure
of L2 proﬁciency, namely L2 vocabulary size, in
helping bilingual listeners cope with L2 speech in
poor acoustics under more plausible RT conditions.
We therefore aimed to investigate whether those
falling into higher vocabulary groups are less susceptible to the negative eﬀects of a longer RT on L2 listening comprehension. As a secondary question,
we asked whether updating, as a subcomponent of
working memory relevant to speech perception, provides additional advantages in helping individuals to
cope with poor acoustics during L2 listening comprehension tasks. We therefore hypothesised that higher
L2 proﬁciency and stronger memory updating skills
in bilinguals could provide advantages in L2 listening
comprehension under optimal listening conditions,
aiding the release from reverberation (i.e. release
from spectral masking and temporal masking), and
leading to higher listening comprehension scores in
groups split according to L2 vocabulary and updating
ability.

Methods
Participants
A total of 57 participants (23 male) with a mean age
of 25.26 years (SD = 5.712) and Swedish as a ﬁrst
language and English as a second language took
part in the experiment and received a cinema
ticket for their participation. An in-house questionnaire was used to determine participants’ language

backgrounds and to screen for diagnosed hearing,
language and/or cognitive deﬁcits.

Cognitive assessments
Boston Naming Test
The Boston Naming Test (BNT; Kaplan, Goodglass, &
Weintraub, 2001) is a picture naming test in English
that was used to determine baseline secondlanguage naming ability for all participants in this
experiment. Participants were required to match
60 images with the correct word presented in a multiple choice format. For example, the ﬁrst picture
item was bed and the four multiple choice word
options were bell, sleep, bed and pillow. Participants
were ﬁrst given two practice pictures developed inhouse with additional response feedback to ensure
that they understood their task. There was a 5-s
pause between items. The entire test had a mean
running time of 7 min (range: 5.4–10.1 min).
Results were scored based on the total number of
correct responses for each participant.
Number Updating Test
A number updating task was adopted from Carretti
et al. (2007) for this test. The test material consisted
of 12 lists each containing 10 diﬀerent two-digit
numbers and 2 training lists. The numbers were presented in the centre of a computer screen using 72point Helvetica at a screen resolution of 1366×768
pixels. Prior to each number list, the symbol ##
was displayed to indicate the position of the subsequent ten numbers. Thereafter, all numbers of
the list were displayed consecutively for 2 s. After
the last number, a blank screen was displayed for
1 s before the response screen was shown. The participants were instructed to recall the three lowest
numbers of the presented list in their order of
appearance. After typing the response into three
diﬀerent edit boxes the subjects pressed a “Next”
button to continue with the subsequent number
list. Before the actual test, the subjects were familiarised with the procedure by presenting two training lists with additional feedback. The numbers of
the lists were distributed pseudo-randomly
between 17 and 94 and showed an arithmetic distance of 2 and 7 between sorted adjacent
numbers. All lists exhibited an arithmetic range
between 30 and 44. The lists varied in diﬃculty as
one half required two updates, i.e. how often the
subjects must discard one number of a previously
memorised number triplet, whereas the other half
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required ﬁve updates. Per list, all presented numbers
only occurred once. All lists were presented in the
same order to all participants. For each correctly
recalled number at the correct serial position, one
point was given, with a maximum score of 36 if
three items were recalled correctly for all 12 lists.

Listening comprehension test
Stimulus material
The monaural audio ﬁles News Items 1 and 2 from
section “Focus: Listening” (Nilsson, 2016), which
form part of the National Assessment Project (Erickson, 2009), were used for the listening comprehension test. The anechoically recorded stimuli of the
ﬁrst and second news item set consisted of 7 and
12 news items, respectively, and included a signature sound with a length of 1.9 s. Each news item
was presented by nine diﬀerent female and male
talkers. To allow for balancing test conditions, we
removed the last news item of the second set, resulting in 18 diﬀerent news items; 9 news items for each
RT condition. Participants were split into two groups,
where the ﬁrst group with odd subject IDs received
odd news items simulated in condition RTlow and
even news items in condition RThigh, and vice
versa for the group with even subject IDs. While
the news items order was maintained, the RT simulation was alternated, starting with RTlow and
RThigh for subjects with odd and even IDs, respectively. To avoid fatigue, the listening comprehension
test was split into two parts, news item set 1 and 2,
with a break of 1 min between parts and a countdown of 3 s, displayed on screen, before each
news item set. Each news item was only presented
once. The participants were prompted with a multiple choice question after each news item without
receiving any feedback if their answer was correct
or not. All participants were instructed by the moderator to move on to the next question when
hearing a signature sound. The signature sound
was played 20 s before and after each news item
to indicate the timeframe within which to focus on
and answer each question. The results were evaluated under the following criteria: one point was
given for every correct answer with a maximum of
18 points, resulting in 7 and 11 points, respectively,
for the ﬁrst and second set of news items.
Simulation of the virtual acoustic environment
The listening comprehension task was conducted
under simulated room acoustic conditions with
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low and high RTs, reﬂecting two physically existing
classrooms in two diﬀerent Swedish schools, which
were used for teaching purposes during the time
the study was conducted. Room acoustic measurements in both classrooms were taken according to
ISO (2008). Classroom 1 (Eslov) was treated acoustically, including additional low-frequency absorber
elements, which resulted in linear RTs T30 (i.e. the
time the normalised energy decay curve exhibits
to drop by 60 dB, calculated by extrapolation
based on the time the energy decay curve takes
to decay from 5 to 35 dB with respect to the
initial value) across all measured octave band
centre frequencies, exhibiting a mean RT of 0.3 s,
as shown in Figure 1. Representing a room with
high RTs, Classroom 2 (Höllviken) was selected
and shows a distinct increase in RTs towards
lower frequencies with a mean RT T30 of 0.9 s,
see Figure 1. Based on these two real-world classrooms, a three-dimensional computer-aided
design (CAD) classroom model (L × W × H = 11.8 ×
7.6 × 3 m3, V ≈ 262 m3) was created in SketchUp
(Trimble Navigation Ltd., Sunnyvale, CA). The simulated room was equipped with typical furniture
while assigning absorption and scattering coeﬃcients to the room’s surface materials (Vorländer,
2007). The simulation of binaural room impulse
responses (BRIRs) was carried out using Room
Acoustics for Virtual Environments (RAVEN), a
real-time framework for the auralization of

Figure 1. Simulated reverberation times T30 in octave bands
with centre frequencies between 125 and 8000 Hz. The
simulation was optimised to match the reverberation
times obtained from room acoustic measurements according to ISO 3382-2 (ISO, 2008) in two diﬀerent classrooms
with high (Höllviken) and low (Eslov) reverberation times,
RThigh versus RTlow, respectively. The values in brackets
show the mean mid-frequency reverberation time (arithmetic mean of 0.5–1 kHz octave bands).
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interactive virtual environments (Pelzer, Aspöck,
Schröder, & Vorländer, 2014). Auralization in
RAVEN is based on eﬃcient geometrical acoustics
simulation models (Kuttruﬀ, 2016) and utilises an
image source model for the generation of early
reﬂections whereas late reverberation is simulated
using a ray-tracing algorithm (Schröder, 2011). In
an iterative optimisation routine, acoustical properties of the surface materials were further optimised
to match the RTs T30 in octave bands obtained
from room acoustic measurements in the two
diﬀerent Swedish schools, as depicted in Figure 1.

Virtual sound sources
For the generation of virtual sound sources (VSSs)
a set of head-related transfer functions (HRTFs)
measured from an adult head and torso simulator
(Schmitz, 1995) with a spatial resolution of 1° × 1°
in azimuth and zenith angles, covering the whole
sphere and measured at a radius of 1.86 m, were
used. Based on this data set, BRIRs with a ﬁlter
length of 3 s were simulated for the two conditions RTlow and RThigh, as depicted in Figure 1,
describing the acoustic transfer functions
between a sound source and a listener in the
simulated room. The virtual sound source was
located at the typical position of a teacher in a
classroom at a height of 1.6 m in front of a
seated virtual listener with an ear height of
1.2 m at a distance of 6 m. The virtual listener’s
position and orientation was static, facing the
virtual teacher. To obtain virtual sound sources,
i.e. binaural signals, the relevant BRIR set was convolved with the respective stimulus selection.
Verbal task instructions, verbally presented questions to each news item, as well as the signature
sound were presented monaurally to ensure intelligibility and audibility, and were normalised to a
common loudness level (DIN, 2010; ISO, 1975)
together with the news items simulated in the
two reverberant conditions.
Apparatus
The experiment was conducted in a lecture room at
the University of Gävle. Each participant was seated
in front of a laptop (DELL, Latitude E6430) and was
provided with a pair of headphones (Sennheiser,
HD 202). Monaural and binaural audio signals were
played back over the headphones at a playback
level of approximately 65 dB(A) using the on-board
sound chip of the laptop.

Design and procedure
A within-subjects design was used. Data collection
was done in 15 sessions with 1–10 participants on 3
diﬀerent days. Each participant took approximately
1 h to complete the experiment. The experiment
was divided into four parts: after a short introduction
by the experimenter, the participants had to complete
a questionnaire about personal data (gender, date of
birth), language background (mother tongue,
language of mother and father, home language, education language) and disabilities (hearing loss, dyslexia or other language disorders). Thereafter, the
cognitive assessments (number update test and the
Boston naming test) were conducted, followed by
the listening comprehension evaluation. To minimise
the inﬂuence of ambient noise during the listening
comprehension test, all subjects were instructed to
wear the headphones throughout the whole experiment even if no audio material was played back.
After ﬁnishing the experiment, all participants were
instructed to remain seated and quiet until all other
participants had ﬁnished.

Results
Individual diﬀerence measure
The mean score on the number updating test was
19.07 (SD = 6.40, range: 5–36) and the BNT the
mean score was 47.42 (SD = 5.91, range: 28–59).
Mean score on the listening comprehension test
for the subset of news items with a maximum
score of 9 presented under 0.9 s RT was 6.35 (SD =
1.34, range: 3–9), and mean score for the listening
comprehension test with a maximum score of 9 for
those presented with an RT of 0.3 s was 6.91 (SD =
1.85, range: 1–9), corresponding to 70.5% and 77%
correct, respectively. So as to observe interaction
eﬀects in the subsequent ANOVA reported in the
next section, two between-subjects factors were
created by median splits of participants into two
sets of groups: vocabulary and number updating.
The ﬁrst set of groups either achieved high or low
vocabulary scores in the BNT (median = 48), named
High Vocab (n = 30, mean = 51.60, SD 3.480, range:
48–59) and Low Vocab (n = 27, mean = 42.78, SD =
SD 4.388, range: 28–47) groups. The second set of
groups based on their scores on the number updating test (median = 19), named, High Updating (n =
32, mean = 23.50, SD = 3.959, range: 19–36) and
Low Updating (n = 25, mean = 13.40, SD = 3.990,
range: 5–18).
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Second language listening comprehension,
number updating and vocabulary
A three-way mixed analysis of variance (ANOVA) was
conducted to investigate the eﬀect of the withinsubject factor RT, at two levels Shorter RT and
Longer RT, on listening comprehension score.
Between-subject eﬀects for vocab groups were signiﬁcant, F(1, 53) = 20.475, p < .001, h2p = .279, but
number updating between-subject eﬀects were
non-signiﬁcant, F(1, 53) = 2.372, p = .129, h2p = .043.
The Low Vocab mean score on the dependent variable, listening comprehension, in Longer RT was 6.0
(SD = 1.46, range: 3–8) and 6.0 in Shorter RT (SD =
2.02, range: 1–9). High Vocab mean listening comprehension score was 6.7 in Longer RT (SD = 1.16,
range: 4–9) and 7.73 in Shorter RT (SD = 1.23,
range: 5–9). The Low Updating mean listening comprehension score was 6.4 in Longer RT (SD = 1.26,
range: 4–8) and 6.8 in Shorter RT (SD = 1.76, range:
2–9). High Updating mean listening comprehension
score was 6.3 in Longer RT (SD = 1.42, range: 3–9)
and 7 in Shorter RT (SD = 1.95, range: 1–9).
Between-subjects factors were evaluated for
interactions on the independent variable, RT.
ANOVA preliminary assumption testing was conducted using Shapiro–Wilk and Levene’s tests and
no violations of normality or homoscedasticity
were indicated (p > .05). A signiﬁcant main eﬀect
of RT condition was observed, F(1, 53) = 4.211,
p = .045, h2p = .074. Figure 2 illustrates the signiﬁcant
interaction and RT condition and Vocab, F(1, 53) =
4.211, p = .045, h2p = .074. A simple eﬀects analysis
was conducted in order to break down the VocabRT interaction eﬀects. To assist interpretation, the
advantages in listening comprehension when
moving from a long to shorter RT were converted
to percentages calculated on the basis of diﬀerences
between conditions/groups estimated marginal
means relative to the maximum value of the comprehension test (i.e. out of 9). The Low Vocab
group showed a statistically non-signiﬁcant diﬀerence in listening comprehension between RT conditions of close to zero (2.665e-15), corresponding
to a 1% diﬀerence in estimated marginal means in
listening comprehension between the two RT conditions, F(1, 53) = 0.000, p = 1, h2p = .000. The High
Vocab group showed a signiﬁcant increase in
average comprehension of 1.14 points (16%) when
moving from a long to shorter RT condition,
F(1, 53) = 9.721, p = 0.003, h2p = .155. Diﬀerences
between High and Low Vocab were signiﬁcant in

Figure 2. Interaction between vocabulary and reverberation
time (RT). Results shows a 14% increase in listening comprehension score for High Vocab group moving from a long to
shorter RT, and a less than 1% increase in Low Vocab
group moving from a long to shorter RT. Error bars indicate
standard error. A sound source in a room is perceived as a
combination of its direct sound, which is the sound travelling
straight from the sound source to the listener, and so-called
“early” and “late” reﬂections from nearby reﬂective surfaces
such as the ﬂoor, walls and ceiling.

both the Longer RT condition, F(1, 53) = 5.076, p =
0.03, h2p = .087, and Shorter RT condition, F(1, 53) =
18.111, p < 0.001, h2p = .255, corresponding with
listening comprehension advantages of .81 points
(9%) and 1.96 points (22%). The interaction of RT condition with Updating was not signiﬁcant, F(1, 53) =
0.987, p = .325, h2p = .018.

Discussion
This quasi-experiment evaluated the beneﬁts of
having better second language (L2) vocabulary
and executive function skills when performing L2 listening comprehension tests under shorter versus
longer RT conditions. The shorter and longer RTs
used in this study were 0.3 and 0.9 s respectively,
and the main eﬀect of RT showed that listening comprehension was signiﬁcantly better in the shorter RT
condition, amounting to an increase in comprehension corresponding to 0.6 points (7%) on the listening comprehension test when moving from a long
to a shorter RT. Sörqvist et al. (2014) found no signiﬁcant diﬀerence in listening comprehension between
their 0.3 and 0.9 s RT conditions, but found diﬀerences between 0.3 and 0.9 s and their worst
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condition of 1.8 s. However, this research used
virtual acoustic simulations reproducing acoustical
conditions encountered during actual measurements of two real classrooms in order to more
closely approximate real-world listening environments. It has long been known that a longer RT
negatively aﬀects speech comprehension (Kjellberg,
2004), therefore this ﬁnding corroborates studies
showing the negative eﬀects of a longer RT on
speech comprehension (Bradley, 1986; Ljung, 2010;
Stansfeld et al., 2005). We further evaluated
whether those falling into a higher L2 vocabulary
group have better listening comprehension speech
perception under diﬃcult acoustic conditions.
Unsurprisingly perhaps, the higher L2 vocabulary
group had better L2 listening comprehension
scores in both acoustic conditions. This corroborates
the ﬁndings of Sörqvist et al. (2014) who established
strong relationships between degrees of L2 proﬁciency (reading comprehension) in bilinguals and
their L2 listening comprehension scores.
The interesting interaction between high/low
vocabulary and RT conditions depicted in Figure 2
requires further explanation. Upon dividing our
sample into high and low L2 vocabulary groups,
we found that those falling in the lower vocabulary
group performed only negligibly better in the
Shorter RT condition, in the order of a 1% increase
in listening comprehension (percentage calculated
on the basis of diﬀerences in estimated marginal
means). Meanwhile, the High Vocab group experienced a 14% advantage in listening comprehension
in the Shorter RT condition, corresponding to about
1.3 items. Based on the theories already discussed,
this increase might be attributable to release from
reverberation, which is a release from the eﬀects
of spectral and temporal masking thought to disadvantage listening comprehension due to perceptual
smearing as RT increases, as explained in the Introduction. Two theories are here proposed which
might explain this interaction by looking at the
results in two diﬀerent ways. The ﬁrst way views
the data from the perspective that the High Vocab
group actually did far worse than could be expected
in the Longer RT condition, in relation to the Low
Vocab group. The fact that there are more options
in the mental lexicon available to the higher vocabulary group under conditions in which part of the
word is masked could actually be detrimental to
them when the signal is degraded because there
would be a greater possibility that they would substitute an incorrect word as a result of having a

higher number of potential alternative (and incorrect) words to draw on. The converse and more credible view is that the higher vocabulary group did far
better than should be expected in the Shorter RT
condition, indicating an advantage for listening
comprehension in less reverberant conditions due
to better L2 proﬁciency. This release from reverberation beneﬁt in the High Vocab group indicates that
this beneﬁt only occurs once a certain level of L2
vocabulary has been achieved. As vocabulary is an
essential indicator of general language ability,
superior L2 vocabulary could also indicate superior
top-down language processing in other linguistic
domains, such as a greater ability to make use of
contextual cues to increase the accuracy of
guesses when uncertain. Therefore, beneﬁts attributable to the resulting signal clarity due to release
from spectral and temporal masking could have
compounded with other aspects of L2 proﬁciency,
such as the ability to utilise contextual cues and
other language beneﬁts not directly related to L2
vocabulary but which a higher L2 vocabulary is
indicative of. Described as the hard problem in bilingual lexical access, bilinguals are thought to process
double the number of associated items that are
closely related to the target word/concept during
word retrieval (Finkbeiner, Gollan, & Caramazza,
2006). Better L2 language proﬁciency is certain to
make word selection more eﬃcient, and likewise
optimal acoustic conditions could compound, providing additional beneﬁts for selecting between L1
and L2 items in the mental bilingual lexicon. It
should be cautioned that this ﬁnding does not
suggest that acoustic conditions do not matter to
L2 learners in the early stages, but simply that the
positive eﬀects of optimised acoustic conditions
are much greater for those with better L2.
The relationship between updating and L2 listening comprehension was also evaluated. It was
hypothesised that updating could be implicated in
listening comprehension due to its role of monitoring and updating information (e.g. words) held in
working memory by replacing old information with
new, relevant information (Miyake et al., 2000). L2 listeners are known to be more disadvantaged than
native listeners when listening to L2 speech in
poorer RT conditions (Nábělek & Donahue, 1984),
and this disadvantage has been linked to underlying
cognitive processes, particularly those related to
WMC (such as memory updating). Based on the
ELU model of speech comprehension (Rönnberg
et al., 2013) described in the Introduction, it has
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been posited that cognitive auditory information
processing is taxed as a result of a longer RT, as
the limited amount of mental resources available
for both perceptual and cognitive processes are primarily diverted towards perception as listening conditions become more diﬃcult (Ljung, 2010).
Furthermore, there is evidence that L2 listeners
place greater emphasis on decoding L2 words
than forming higher level units of meaning required
for listening comprehension, referred to as a
“bottom-up dependency” (Field, 2003, 2004), indicating that L2 listeners’ mental resources are
diverted away from cognitive processing to perceptual processing. Therefore, this study hypothesised
that better cognitive processing (i.e. higher
memory updating ability) would provide advantages
for L2 listening comprehension under diﬃcult conditions because the mental resources left over for
cognitive processing would be more eﬃciently utilised. Indeed, Sörqvist et al. (2014) found a signiﬁcant correlation between WMC and L2 listening
comprehension and deﬁcits in updating have been
linked with impaired recall and misremembering in
other studies (Carretti et al., 2005; Palladino et al.,
2001). At a higher level theorised by Muijselaar
and de Jong (2015), updating could also be related
to how a listener builds up a so-called “situation
model” of a text by updating events in memory as
the narrative unfolds. However, these researchers
found no convincing eﬀect of updating on reading
comprehension (Muijselaar & de Jong, 2015). It
should be noted that updating could be applicable
to language comprehension in quite diﬀerent contexts depending on the task and the way in which
updating is assessed. Although the task used in
the present study required updating at both the
level of monitoring and revising incoming information in working memory and simultaneously
updating the “situation model” of a text, our
ﬁndings did not conﬁrm any statistically signiﬁcant
relationship either, and therefore extend those of
Muijselaar and de Jong (2015) to the context of listening comprehension.

Limitations of the study
It should be clariﬁed that the mean RT values which
are suggested by the BRR are not indicative of RT
distribution in a room, which poses a danger illustrated by the classrooms simulated in this study.
Figure 1 depicts simulated RTs T30 in octave bands.
As can be seen in Höllviken, the Higher RT room,
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the distribution of RT in the room at diﬀerent
octave bands is unequal, with increasingly higher
RTs in frequencies below 1 kHz. As the majority of
vowels fall below 1 kHz, this could have led to disproportionately higher RT for vowel sounds,
leading to greater perceptual smearing than the
mean RT value would lead one to expect.
Regarding the tests used, our updating task was
visually administered rather than in the auditory
domain, and this crossing of domains could have
had some bearing on the results. Numbers rather
than words were used because they were language
non-speciﬁc and we assumed this controlled for
various problems when using word updating
(word frequency for example). However, it was not
taken into consideration that read numbers are processed phonologically on a sub-vocal level during
reading, and that the sub-vocal language triggered
would be the reader’s native language (L1). Therefore, this was essentially a measure of L1 updating
which was then contrasted with L2 listening comprehension. Additionally, as an audiogram was not
taken, the role of pure tone thresholds could not
be evaluated and there is a small chance that participants which reported no diagnosed hearing impairment might have been mildly impaired.

Conclusion
This study examined diﬀerences in listening comprehension under virtually simulated short and
long reverberation times (RT) of 0.3 and 0.9 s
respectively, conditions which aimed to reproduce
poor versus good classroom environments for listening comprehension. Groups were split according to
high and low second language (L2) vocabulary and
updating ability. Results indicated that the High
Vocab group had higher listening comprehension
scores than the Low Vocab group under both acoustic conditions, but that this advantage was especially
noticeable under lower RT conditions. Under both
RT conditions, the Low Vocab group performed
equally poorly on the listening comprehension
assessment, showing no additional advantage of
good acoustics. Updating was not measurably
related to listening comprehension under diﬀerent
RT conditions. In conclusion, the results of this
study demonstrate an additional beneﬁt for listening comprehension under optimal acoustic conditions where the target speech is clear, but this
beneﬁt is in proportion with the level of L2 proﬁciency. Future research will be directed towards
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establishing why lower L2 vocabulary groups are
unable to take advantage of this eﬀect, and will particularly examine the role of L1 suppression during
L2 listening tasks in good and bad acoustic
conditions.
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INTRODUCTION
Background
Sweden has played a pivotal role in helping with the inﬂux
of migrants from outside of Europe in recent years
(Migrationsverket, 2017). Rising numbers of foreign students in
Sweden and abroad means that many children worldwide will get
their entire education in a second language, a global demographic
trend expected to increase (United Nations, D. of E. Population
Division & DESA, 2015). These bilingual students fall into two
main categories: sequential bilinguals have been deﬁned as
acquiring a second language approximately after the age of three
(Castilla, Restrepo & Perez-Leroux, 2009), while early and late
bilinguals acquire their second language before and after the age
of seven, respectively (Mayo, Florentine & Buus, 1997).
Although the transition to acceptable classroom acoustic
standards has been long underway (Ljung, S€
orqvist, Kjellberg &
Green, 2009; SS25268: 2007), these standards are still primarily
designed for monolingual learners, and existing standards should
therefore be modiﬁed in light of research ﬁndings in the
forthcoming years.
Speech intelligibility is based on the interaction between the
acoustic environment in which the spoken language is being heard
as well as the internal characteristics of the talker and listener
(Bent & Bradlow, 2003), so-called intra-talker and intra-listener
characteristics. For example, relevant intra-talker characteristics
that inﬂuence speech intelligibility include the prosodic qualities
of the voice and their acoustic correlates such as the duration,
intensity and frequency of the speech signal (Hirst, 2012). Speech
intelligibility can be inﬂuenced by a number of intra-listener
© 2018 Scandinavian Psychological Associations and John Wiley & Sons Ltd

characteristics relating to age, language ability, language
background, cognitive ability and the presence of perceptual
deﬁcits such as hearing loss. Qualities of the acoustic environment
also affect intelligibility in several diverse ways. For example,
increased reverberation times lead to the perceptual smearing in
which lower frequency vowels maskhigher-frequency consonants,
referred to as “upward spread of masking” (Moore, 2007), which
also affects cognitive and linguistic processes. Studies
manipulating reverberation time have shown that a long
reverberation time negatively inﬂuences memory for what is heard
(Ljung et al., 2009).
Environmental characteristics relating to the perceptual
separation of two or more sounds from each other (i.e., auditory
stream segregation; Moore, 2012), such as the spatial relationship
between listeners/talkers and masking sounds, also inﬂuence
speech intelligibility. For example, it has been established that
when a talker and a noise source are spatially separated as
opposed to collocated (located in the same place), the listener’s
auditory system ﬁnds it easier to segregate the target from the
masker signal, referred to as “spatial release from masking”
(SRM; Hawley, Litovsky & Culling, 2004). Non-salient
environmental auditory characteristics (e.g., people talking in the
background, aircraft noise) can also be distracting, diverting
attentional and cognitive resources away from speech processing
and impacting on intelligibility and retention of what is heard
(Banbury, Macken, Tremblay & Jones, 2001). Furthermore, high
background noise levels cause problematic behavioral effects
(e.g., the Lombard effect; Brumm & Zollinger, 2011) that further
degrade intelligibility of the target speech signal (Shield, Conetta,
Dockrell, Connolly, Cox & Mydlarz, 2015) due to the effects of
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energetic/informational masking in the auditory system. Energetic
masking occurs when the spectral content of the masking sound
reduces speech signal audibility because there is an overlap
between the energy of the target speech and the acoustically
different masker (Brungart, 2001). Informational masking
produces an additional masking effect that occurs when the
masking signal used is very similar to the target speech
acoustically (e.g., the masker is also speech). Due to spectral
overlap between the speech and masker, listeners ﬁnd the two
sounds hard to separate perceptually from one-another and are
consequently unsure as to which sound to attend to, leading to
decreases in measured speech intelligibility (Moore, 2012).
Coping with the masking effects of noise in classroom, work
and social environments when listening to speech presents also a
problem for auditory stream segregation in normal hearing
listeners, the so-called “cocktail party problem” (Cherry, 1953)
which has prompted researchers to consider how auditory signals
interact with cognitive processes in a so-called “signal-cognition”
interface (Stenfelt & R€onnberg, 2009). Listening in noise is a skill
which develops as the auditory system matures and is
problematized under various conditions which place strain either
on the peripheral auditory system (e.g., hearing loss) or the
cognitive systems (e.g., central auditory processing disorder), or
both (e.g., ageing). “The foreign language cocktail party problem”
is an expression coined by Cooke, Garcia Lecumberri and Barker
(2008) to describe speech intelligibility differences in those
listening in a second language. Studies show that higher signal to
noise ratios (SNRs) are required for second language speech
intelligibility compared with ﬁrst language intelligibility,
measured using both within-subjects designs (Van Wijngaarden,
Steeneken & Houtgast, 2002; Weiss & Dempsey, 2008) and
between-subjects designs where results were contrasted with
monolingual listeners (Ezzatian, Avivi & Schneider, 2010; Stuart,
Zhang & Swink, 2010; Warzybok, Brand, Wagener & Kollmeier
2015; Von Hapsburg, Champlin & Shetty, 2004; Zhang, Stuart &
Swink, 2011). This speech reception threshold (SRT) difference,
deﬁned as the SNR at which 50% of speech is intelligible (Plomp
& Mimpen, 1979), has been attributed to both a lack of
familiarity with their second language as well as an increase in
cognitive load due to bilinguals having to suppress their ﬁrst
language during second language listening, leaving less cognitive
resources for dealing with the increased demands of listening in
noise (Cooke et al., 2008; Stuart et al., 2010). Slower lexical
access to second language words stored in long-term memory has
also been posited due to the hypothesis that degradation of the
target word leads to a greater number of possible words (Ezzatian
et al., 2010).
The age at which a second language is learned (i.e., the age of
second language acquisition) is important for second language
speech in noise intelligibility, with early bilinguals requiring
SNRs equivalent to monolinguals when listening in their second
language in noise, with higher levels of language exposure
leading to higher SNRs for second language speech in noise than
late bilinguals (Mayo et al., 1997). Another contributing factor to
the foreign language cocktail party problem was considered by
Ezzatian et al. (2010), namely whether spatial listening aided
impairment when listening to non-native listeners compared
with native listeners by negatively affecting auditory stream
© 2018 Scandinavian Psychological Associations and John Wiley & Sons Ltd
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segregation. Ezzatian et al.’s (2010) ﬁndings indicated that SRM
(Cameron & Dillon, 2008) advantage in SRTs of spatially
separating target and masker was equal for both native and nonnative listeners listening to English sentences masked by noise
that was either collocated with the target to the right or perceived
as coming from the left (i.e., spatially separated). However, the
literature on SRM is by no means complete with respect to
children or adults, as stated in a recent review on non-native
speech intelligibility under adverse acoustic conditions
(Lecumberri, Cooke & Cutler, 2010). Therefore, the central aim
of this study is to expand the literature on the foreign language
cocktail party problem by examining interactions within the
“signal-cognition” interface (Stenfelt & R€
onnberg, 2009) by
adding to cognitive burden of processing a speech signal by
manipulating language, masker type and the spatial relationships
between auditory streams. This topic is especially relevant in the
context of Europe today and when considering the essential
underlying listening skills needed within the classroom
environment such the ability to process speech in noise and
spatially separate auditory streams.
This research also aims to consider some of the cognitive
challenges second language learners might be experiencing,
particularly those encountered when listening under adverse noise
and spatial listening conditions such as those replicated in this
experiment. Degradation of speech input also leads to cognitive
effects on children’s reasoning, memory and attention during
language-based tasks (Shield & Dockrell, 2003). Prior research
indicates that children’s phoneme identiﬁcation under
reverberation and noise conditions improves throughout
adolescence and only reaches maturation at the age of 14 (Johnson,
2000). From a cognitive standpoint, working memory capacity
(WMC) has been considered highly relevant to speech
intelligibility generally with regards to phonological processing
(Groeger, Field & Hammond, 1999) and therefore also to speech
intelligibility under listening conditions that are degraded by noise
or under the strain of perceptual deﬁcits (e.g., hearing loss,
cognitive ageing). In Baddeley’s (2000) model of working memory
(WM), the relationship between WMC and speech intelligibility is
due to a subcomponent of memory system dedicated to language
referred to as the “phonological loop,” which contains temporary
storage capacity for auditory information and includes an
articulatory rehearsal component which keeps the information
active for a limited period through subvocal repetition. Baddeley
(2000) claims that memory span tasks such as forward digit span,
in which a list of numbers are presented to be immediately recalled
in the same order, particularly reﬂects the action of the
phonological loop in that it tests the strength of the memory trace
as well as temporal aspects of the repetition mechanism. R€
onnberg,
Rudner, Foo and Lunner (2008) state that WMC particularly comes
into use under conditions in which the signal is degraded enough to
cause mismatches in implicit phonological processing. However,
this relationship between SRTs and WM has neither been
conclusively established nor fully explored with regards to all age
ranges, ability levels and linguistic proﬁles (F€
ullgrabe & Rosen,
2016; R€
onnberg, Lunner, Zekveld et al., 2013).
How the relationship between SRTs and WM might be
inﬂuenced by bilingualism is considered in this study by
considering R€
onnberg’s (2003) ease of language understanding
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(ELU) model in the bilingual context. The ELU model describes
the success of this signal-cognition interplay occurring during
speech processing as dependent on having precise phonological
long-term memory representations, sufﬁcient lexical access speed,
and sufﬁcient resources for storage and processing auditory input
such as WMC (R€onnberg, Rudner, Lunner & Zekveld, 2010). We
hypothesized that these speech perception sub-processes in
sequential bilinguals would be dependent on their language and
cognitive ability. Moreover, the model describes that the further
addition of noise to speech would also increase perceptual
difﬁculties as well as cognitive and/or semantic load and listening
effort. The underlying reasons, therefore, could be: slower lexical
access to second language items in the long-term memory mental
lexicon, and an increase in phonological mismatch between
second language items in WM and long-term memory. This
mismatch could already have been present due to less-developed
phonological representations for second language words, and
further exacerbated by the addition of noise to the second
language speech signal.

The present study
This study aims to expand the literature on the role of language
background and WM on SRTs in sequential bilingual children by
exploring some of the above-mentioned interactions between
intra-talker, intra-listener and environmental characteristics. The
relevance of the topic is highlighted as worse speech reception in
noise and weaker WM could have a negative impact on academic
performance in children learning in a second language,
emphasizing the need for more studies of this kind.
In this study, the intra-talker characteristics that were
manipulated were the language of the target speech relative to the
language background of the listener (i.e., intra-listener
characteristics). Speech-in-noise reception under the two language
conditions (Swedish and English) were expected to produce SRT
differences that form the basis of the “foreign language cocktail
party problem” already described, as a function of the age at which
the second language was acquired and level of cognitive ability.
Environmental characteristics were manipulated in two ways using
simulated room acoustics. First, two types of background noise
were used: unintelligible multi-talker babble noise (MTBN) and
speech-shaped white Gaussian noise (SSN) with identical longterm average spectra as the MTBN. These environmental
characteristics were expected to interact with intra-listener
characteristics, speciﬁcally language ability and cognitive ability.
These noise conditions were chosen because, while SSN produces
energetic masking due to overlapping target and masker excitation
patterns on the basilar membrane, MTBN with identical amplitude
ﬂuctuations (and therefore, the same energetic masking
capabilities) could produce alternative masking effects. Research
shows that that normally hearing adults ﬁnd it easier to listen to
speech masked by a small number of competing talkers than when
masked by LTASS matched speech-modulated noise (Brungart,
2000; Festen & Plomp, 1990). This is because the masker has
spectral qualities which afford greater opportunities for taking
advantage of ﬂuctuations in the masker’s spectra, providing the
“spectral glimpses” which lead to increased intelligibility (Cooke,
2006). However, as the number of talkers increase, the masking
© 2018 Scandinavian Psychological Associations and John Wiley & Sons Ltd

effect approaches that of steady-state noise (Bronkhorst & Plomp,
1992). The dense MTBN used in this study offered no such
opportunity for listening in the gaps, and because it consisted of
natural speech, we hypothesized that it would provide the same if
not additional masking effects to SSN. This extra masking effect
could be attributed to several sources, but we considered
informational masking (Durlach, Mason, Kidd, Arbogast, Colburn
& Shinn-Cunningham, 2003), modulation detection interference
(Sheft & Yost, 2007) and the irrelevant sound effect (Tremblay,
Nicholls, Alford & Jones, 2000; Viswanathan, Dorsi & George,
2014) as well as the attention-grabbing (Lecumberri et al., 2010).
How the different language conditions interacted with different
noise was also of interest.
We also aimed to investigate another environmental factor
which interacts with intelligibility and cognition of sound, namely
spatial listening. The noise was therefore presented at two different
spatial locations relative to the talker and the SRT. SRTs were then
measured using an adaptive procedure. This approach partially
reproduced a spatialized noise paradigm developed by Cameron
and Dillon (2007) which has been extensively adapted by
researchers in order to ascertain the perceived advantages of
spatially separating the target and masker in different populations.
In their paradigm, a target talker is located directly ahead of a
listener (0° azimuth), and distracting/competing sounds are
positioned either as collocated with the target at 0° azimuth, or at
+90°/–90° azimuth to either side of the target talker, leading to a
measurable improvement in speech intelligibility due to SRM; the
so-called spatial advantage (Cameron & Dillon, 2007; Ching,
Wanrooy, Dillon & Carter, 2011). This paradigm was extended in
this study to corroborate the beneﬁt of spatial separation broadly,
and also to investigate any differences between ﬁrst and second
language performance on this task when presented in either ﬁrst or
second language. Ezzatian et al. (2010) found no spatial advantage
differences between ﬁrst and second language in bilingual adults,
and we aimed to see if these ﬁndings apply to a younger sample.
We also expected the age of second language acquisition to be
predictive of second language SRTs because it has been shown to
inﬂuence speech-in-noise intelligibility in adults listening to
second language speech in the past (Mayo et al., 1997).
To summarize, we hypothesized that SRTs in noise would be
higher for second-language listening than ﬁrst language listening
across conditions. We also expected more demanding spatial
conditions (i.e., the collocated SRM conditions) and noise
conditions (i.e., the MBTN noise conditions) to produce higher
SRTs overall, as well as to interact with language. In order to
further justify the hypothesis that higher cognitive demands may
be placed on sequential bilinguals acquiring a second language,
WM was expected to correlate signiﬁcantly with second-language
SRTs, but not necessarily with ﬁrst language SRTs.

METHODS
Participants
All participants were enrolled at a participating school in Sweden
in which English was the formal language of instruction. They
were recruited by a school teacher and given a movie ticket in
exchange for their participation in the experiment. Inclusion
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criteria were a lack of any reported or diagnosed sensory or
cognitive deﬁcits. Exclusion criteria included reported or
diagnosed sensory or cognitive deﬁcits. Two participants with
dyslexia were excluded from the analysis and the remaining fortyfour sequential bilingual children’s (male = 18, female = 26) data
were included. The mean age of participants was 15.5 years
(SD = 0.28 range: 15–16) and with Swedish as their ﬁrst/home
language and English as their second language and primary
language of education. Ethical approval (number: 2011/338/1) for
this study was granted by the Regional Ethical Review Board in
Uppsala.

Tasks
Language background questionnaire. A questionnaire was
completed regarding participants’ language history (age at which
they acquired their second language, language usage at home and
at school, parent language history). The forty-four participants had
Swedish as the ﬁrst language acquired and English as their second
language and had no additional languages. All participants were
born in Sweden except four who moved to Sweden shortly after
birth.
Boston Naming Test. The Boston Naming Test (BNT; Kaplan,
Goodglass, Weintraub, Segal & van Loon-Vervoorn, 2001) is a
language assessment of picture naming and vocabulary for
establishing receptive language ability using a confrontation
naming paradigm (Brusewitz & Tallberg, 2010) which has been
similarly employed in the British Picture Vocabulary Scale
(Dunn, Dunn, Whetton & Pintillie, 2009) and the Peabody
Picture Vocabulary Scale (Dunn, Dunn, Bulheller & H€acker,
1965). The BNT has been used extensively to measure language
ability in clinical (e.g., neuropsychological disorders), and nonclinical populations (e.g., bilinguals), and consists of an inventory
of 85, 60, 30 or 15 word-picture corresponding items, graded in
difﬁculty from easy to hard (Ferraro & Lowell, 2010).
Picture naming ability improves in inverse proportion to age of
second language acquisition (Silverberg & Samuel, 2004),
therefore, the BNT has been extensively adapted for bilingual
research (Allegri, Villavicencio, Taragano, Rymberg, Mangone &
Baumann, 1997; Kohnert, Hernandez & Bates, 1998; Marien,
Mampaey, Vervaet, Saerens & De Deyn, 1998) and translated
into Swedish (Tallberg, 2005), making it particularly suitable for
the purposes of this study. The test consisting of 60 items was
subsequently split into two shorter assessments of 30 items each
to measure ﬁrst and second language vocabulary by using the
Tallberg Swedish BNT translation for every second item.
Forward digit span test. To quantify WM, the subtest “Number
Repetition – Forward” of the Clinical Evaluation of Language
Fundamentals (CELF-4 UK) (Semel, Wiig & Secord, 2003) was
administered. The test material consisted of 16 lists with an
increasing length from two to nine digits, consisting of digits
between one and nine, where each digit length was tested twice.
For example, the ﬁrst set consisted of two lists of two digits each,
the second list consisted of two lists of three digits each, and so
forth, continuing up to the eighth set which had two nine digit
lists. Subjects were instructed to recall all digits in the original
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presentation order and were given one raw score point for every
set of two lists which were both correct. The raw score total was
then converted to scaled scores provided by the CELF-4 manual
(Semel et al., 2003) which were used in the subsequent analysis.
Speech-in-noise test. Speech intelligibility in sequential bilinguals
was assessed by obtaining SRTs (at 50% speech intelligibility)
using an adaptive up-down procedure. The used paradigm is an
adapted version of the Children’s Coordinate Response Measure
(CCRM) described in (Vickers, Degun, Canas, Stainsby &
Vanpoucke, 2016) which were recorded in both Swedish and
English. Target sentences of the form “Show the dog where the
<color> <number> is!” in English, and “Visa hunden var den
<f€arg> <nummer> €ar!” in Swedish, were recorded using the same
Swedish-English speaking early bilingual male (aged 31) with
Swedish as a ﬁrst language English as a strong second language.
The same speaker was used in both language conditions so as to
control for the confounding effects of talker characteristics. Colors
for the call sign <color> included black, red, green, white, blue,
pink, whereas <number> was a number between one and nine,
omitting the disyllabic numbers seven in the English stimuli and
“
atta” in the Swedish stimuli. Subjects were asked to listen to a
target sentence at 0° azimuth, in presence of noise sources.
Speech reception thresholds at 50% intelligibility were measured
in four different conditions which consisted of a variation of the
spatial position of the noise sources, i.e., positioned either
collocated at 0° azimuth with the target, or spatially separated by
90° azimuth from the target, and a variation of the noise type
using either SSN or MTBN.

Stimuli
Speech stimuli. All speech materials were recorded anechoically
at a sampling rate of 44.1 kHz at 24 bits resolution using a Rode
NT1A large-diaphragm condenser microphone and a Focusrite
Scarlett 2i2 audio interface. The MTBN stimuli consisted of eight
talkers (4 male, 4 female) reading a mixture of material in English
and German, which were superimposed to obtain a dense,
unintelligible sixteen-talker babble noise signal that was
completely absent of any perceivable semantic, linguistic or
phonological information. Speech-shaped noise (SSN) was created
through deriving 211 linear predictive coding (LPC) coefﬁcients
from the described MTBN, which were subsequently used to ﬁlter
zero-mean white Gaussian noise to achieve the same long-term
average speech spectrum (LTASS) as the MTBN LTASS.
Virtual acoustic environment. As basis for room acoustic
simulations, room acoustic measurements were conducted
according to (DIN3382-2: 2008) at precision level with twelve
different source/receiver combinations in a typical classroom with
a room volume of 170 m3 with a mean mid-frequency
reverberation time (RT) of 0.6 s (arithmetic mean of RT between
0.5–1 kHz octave band). For the simulation of this room, the
software Room Acoustics for Virtual Environments (RAVEN;
Schr€
oder & Vorl€ander, 2011) was used. Acoustical properties of
the simulated room’s surface materials, namely, absorption and
scattering coefﬁcients, were adapted to match measured RTs’ T30
(i.e., the time the normalized energy decay curve (EDC) exhibits
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to drop by 60 dB, but with the addition to be calculated by
extrapolation based on the time the EDC takes to decay from 5 to
35 dB with respect to the initial value) in octave bands, as shown
in Fig. 1. Subsequently, binaural room impulse responses
(BRIRs) were simulated based on a head-related transfer function
(HRTF) data set measured from an adult dummy head at a spatial
resolution of 1 9 1 degree in azimuth and zenith angles. An adult
dummy head was used because, as reported by Fels and
Vorl€ander (2009), anthropometric dimensions (i.e., head and ear
proportions) of 15/16 year-old children are comparable to those of
adults. Binaural room impulse responses were calculated for each
target and noise source at the respective positions, that is, 0° or
90° azimuth, at a distance of 2.5 m from the virtual listener who
was placed at a height of 1.2 m in the centre of the room.
Subsequently, virtual target talker sources (VTTS) and virtual
noise sources (VNS; that is, the virtual sound source based on a
noise stimulus) were created by means of linearly convolving the
stimuli with the according BRIR data sets. For both noise types,
two different versions with a total duration of 7.5 min each were
created and used for the respective VNS masker for both
languages. As we selected a random time section of MTBN or
SSN, exhibiting the duration of the target talker sentence (i.e.,
2.84 s) for each trial in the adaptive procedure to measure SRTs,
the creation of two different noise versions was not absolutely
necessary. But, given only one noise version, there would be a
small chance to select the same time section which would result
in highly correlated VNS. In a ﬁnal post-processing step, all
VTTS and VNS were normalized in a way that the average root
mean square (RMS) value between left and right channel of the
binaural signal is equal.
Apparatus. The SRT measurements took place in a quiet
classroom testing a maximum number of ten subjects at the same
time. Each subject sat in front of a laptop (DELL Latitude E6430)
with a 14-inch display which was equipped with a pair of closed
headphones (Sennheiser HD 202) for binaural stimulus playback.
To reduce the inﬂuence of the headphone transducer
characteristics, headphone transfer functions were measured from
a dummy head (B&K TYPE 4100, B&K Nexus Charge Ampliﬁer
TYPE 2692-A, Focusrite Scarlett 2i2 audio interface) following

the method proposed by Masiero and Fels (2011). The inverse
ﬁlters were realized as minimum-phase ﬁlters and applied on all
involved VSS.

Experimental procedure
All conditions were tested in an 8-block within-subject design
which was counterbalanced using a Latin square. Per condition,
48 different color/number combinations were randomly
permutated for testing. Subjects got precise written and spoken
instructions about the procedure without additional training. A
graphical user interface showed a picture of a dog and eight
panels with the respective color as background color each
containing all possible numbers; subjects were asked to click on
the correct color/number combination leading to a change in SNR
in the following trial after a three second silence. The playback
level of the target talker was set constant at 62 dB(A) by
measuring the output level at each headphone earpiece using a
Bruel and Kjaer 2250 sound level meter. At the beginning of each
block, an SNR of 22 dB between target and noise stimuli was set.
Depending on a correct or wrong answer, the SNR in the next
trial was either decreased or increased by changing the level of
the noise stimulus based on an up-down procedure (Levitt, 1971).
The initial step size to change SNR was 12 dB and decreased to 9
dB after the ﬁrst reversal, 6 dB and 3 dB after second and third
reversal, converging at 50% positive responses. In each trial, a
random section of the respective noise stimulus was extracted to
avoid a bias in results due to reoccurring structures. A minimum
SNR of –18 dB limited the noise level to 80 dB(A) to avoid
potentially harmful noise exposure. Final SRTs were calculated
by averaging the SNR values of the last four reversals (Halliday,
Tuomainen & Rosen, 2017). There were a maximum of 48 color/
number combinations, so if four reversals were not achieved
within the 48 possible trials, the session would be terminated and
that participant’s data would be excluded.

RESULTS
Language: Boston Naming Test and age of second language
acquisition
In order to establish the vocabulary and naming ability of this
sample in both ﬁrst and second language, we compared Swedish
and English BNT scores, displayed in Fig. 2. Signiﬁcant results
on Levene’s tests of equality of variances, F = 4.64, p = 0.034,
indicated that these data did not meet parametric test
assumptions, therefore a Wilcoxon-Signed Rank Test was used
to evaluate paired differences in vocabulary ability between
the two languages. On average, participants’ scores were
signiﬁcantly greater in the Swedish BNT (M = 24.14, SE =
0.31) than the English BNT (M = 22.55, SE = 0.45); T = 118,
p < 0.001, r = –0.36.

Speech reception thresholds in language, noise and spatial
conditions
Fig. 1. Reverberation times (RT) T30 in octave bands of the measured and
simulated (virtual) classroom.
© 2018 Scandinavian Psychological Associations and John Wiley & Sons Ltd

A repeated-measures factorial three-way analysis of variance
(ANOVA) was conducted. The model included SRTs as the
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Fig. 2. Boston Naming Test (BNT) scores in English and Swedish.
Horizontal lines of boxes show the median, upper and lower end of the
boxes mark 25th–75th percentiles, whiskers indicate the 1.5 9
interquartile range, and hollow circles are outliers falling outside the
whisker range.
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outcome variable and three two-level factors Language (Swedish/
L1 and English/L2), Location (collocated and separated), and
Noise type (MTBN and SSN). Results of Shapiro-Wilk tests
indicated that the data from three out of eight resulting SRT
conditions did not meet assumptions of normality: Swedishcollocated-MTBN, W = 0.95, p = 0.073; English-collocatedMTBN, W = 0.93, p = 0.008; Swedish-separated-MTBN,
W = 0.93, p = 0.008; English-separated-MTBN, W = 0.98,
p = 0.552; Swedish-collocated-SSN, W = 0.89, p = 0.001; Englishcollocated-SSN, W = 0.97, p = 0.252; Swedish-separated-SSN,
W = 0.97, p = 0.348; English-separated-SSN, W = 0.96, p = 0.082.
However, ANOVA is robust to violations of normality (Schmider,
Ziegler, Danay, Beyer & B€
uhner, 2010) and the majority of the data
were normally distributed, therefore the model was still applied.
Main effects are illustrated in Fig. 3. The signiﬁcant Language
main effect, F(1, 43) = 14.41, p < 0.001, g2p = 0.03, indicated a 0.9
dB difference in SRTs between Swedish (M = –7.51, SE = 0.16,
range = 7.83: –7.19) and English (M = –8.39, SE = 0.23,
range = –8.87: –7.93) conditions, with lower SNRs required for
speech intelligibility across Swedish conditions. The signiﬁcant
main effect of Location, F(1, 43) = 245, p < 0.001, g2p = 0.29,

Fig. 3. Main effect barplots for Language, Location and Noise type factors show average ﬁrst and second language speech reception thresholds (SRTs).
Error bars show mean and min and maximum SRTs so as to indicate the range of performance. Lower signal–to–noise ratios (SNRs) indicate worse
performance.
© 2018 Scandinavian Psychological Associations and John Wiley & Sons Ltd
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indicated a 3.8 dB SRT difference between collocated (M = –6.05,
SE = 0.22, range = –6.48: –5.61) and spatially separated
(M = –9.87, SE = 0.19, range = –10.24: –9.48) conditions, with
lower SNRs across collocated conditions. And the signiﬁcant Noise
type main effect, F(1, 43) = 95.36, p < 0.001, g2p = 0.27, indicated a
2.9 dB SRT difference between MTBN (M = –6.52, SE = 0.24,
range = –6.99: –6.03) and SSN (M = –9.39, SE = 0.19,
range = –9.79: –8.99) with lower SNRs across MTBN conditions.
No signiﬁcant interactions were present (p > 0.05).

Predictors of speech reception thresholds
Participants’ WM scores (M = 7.1, SD = 1.68, range = 4–11) were
converted from raw to scaled scores with a mean of 10 and standard
deviation of 3 (Hill, van Santen, Gorman, Langhorst & Fombonne,
2015). According to self-reported questionnaire data, the average
age at which participants’ second language was acquired was 7.1
years (SD = 2.85, range = 1.5–12). Thresholds were aggregated
according to language, therefore two SRT predictor variables were
derived by taking the average across Noise type and Spatial
conditions for ﬁrst and second language, respectively. A multiple
regression model was used to predict English SRTs based on WM
and age of second language acquisition. A signiﬁcant regression
equation was found, F(2, 38) = 4.147, p = 0.023, r = 0.423, but only
WM was a signiﬁcant predictor of English SRTs. The regression
plot shown in Fig. 4 shows that SRTs decreased signiﬁcantly by
0.3 dB for every increase of a point in WM score, r(44) = 0.338, p =
0.012 (two-tailed), and non-signiﬁcantly by 0.02 dB per point
increase in age of second language acquisition, r(44) = 0.028, p =
0.713, together accounting for 17% of the variance in SRTs. A
second regression was run to evaluate how much of the variance in
Swedish SRTs was predicted by WM scores (age of second
language acquisition was not relevant to ﬁrst language thresholds
and was therefore not included in the second model). Only 9% of the

variance in Swedish SRTs was signiﬁcantly explained by WM
scores, with a 0.18 dB decrease in threshold for each WM point;
F(1, 42) = 4.173, p = 0.047, r = 0.30.

DISCUSSION
ANOVA main effects
Main effect of Language. SRTs were lower by 0.9 dB in English
conditions, and therefore did not support the hypothesis that
bilinguals’ SRTs might be higher when listening in noise in a
second language. This hypothesis was based on literature
regarding the “foreign language cocktail party problem” (Cooke
et al., 2008). Bilinguals’ problems with auditory stream
segregation might be partially due to higher SRTs for second
language speech masked by noise in comparison with ﬁrst
language SRTs (Van Wijngaarden et al., 2002; Weiss &
Dempsey, 2008). Three possible reasons are given here to account
for this contrary ﬁnding. The ﬁrst was extended by Weiss and
Dempsey (2008) to account for a smaller (but signiﬁcant) SRT
deﬁcit than expected for English second language stimuli, namely
that the early exposure of second-language English bilinguals to
English on television (and more recently, the Internet) could
account for the smaller disadvantage. Additionally, in the sample
tested in this study, given that participants’ second language BNT
results were in the range of ﬁrst language learners, the direction
of this difference in SRTs is less surprising. This result could be
due to a peculiarity of the sample chosen, although the mean age
at which their second language was acquired was 7.1 years,
placing them in the category of late bilinguals (Mayo et al.,
1997). A ﬁnal possibility concerns ﬁrst and second language
stimuli differences, which are discussed further under the
Limitations section of the Discussion.
Main effect of Location. The main effect of Location indicated a
signiﬁcant 3.8 dB advantage in SRTs on average in conditions
with spatially separated VTTS and VNS relative to conditions
with collocated virtual sound sources, corroborating many studies
(Cameron & Dillon, 2008; Johnstone & Litovsky, 2006; Litovsky,
2005) that show the advantage of spatially separating the target
from the masker (i.e., “spatial release from masking”) in adults
and children. As there was no signiﬁcant interaction between
Location and Language, no spatial advantage differences between
ﬁrst and second language were found. This corroborated the
ﬁndings of Ezzatian et al. (2010) in a younger sample of
sequential bilinguals, who also found that spatial release from
masking was equally advantageous for speech intelligibility in
ﬁrst and second language listeners.

Fig. 4. Linear regression lines illustrating that working memory (WM)
predicted 17% of the variance in second language (English) speech
reception thresholds (SRTs) as opposed to 9% in the ﬁrst language
(Swedish) SRTs.
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Main effect of Noise type. When listening to speech masked by
SSN and MTBN, more energy was required for SSN to produce
the same masking effect as MTBN, indicated by a 2.9 dB greater
SNR in the SSN condition. These LTASS-matched noise types
were chosen on the basis that, while SSN applies only energetic
masking to the target signal, spectrally identical multi-talker
MTBN was more naturalistic and might provide an additional
masking factor. The exact nature of this additional factor is
unknown, but it could be attributed to informational masking
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(Durlach et al., 2003) or it could be that babble is simply more
distracting in nature (Lecumberri et al., 2010). One explanation of
informational masking holds that the elevated SRTs associated
with this type of masker could also be attributed to modulation
detection interference (MDI), which occurs when amplitude
modulation of a masking tone disguises that of the target (Sheft &
Yost, 2007). Speech intelligibility is dependent on discerning
modulations of amplitude in the amplitude envelope of the speech
signal; therefore, any interference caused by these peaks in the
MTBN could plausibly explain the heightened thresholds seen in
the associated conditions. Therefore, we analysed the amplitude
modulation differences between the SSN and MTBN, pictured in
Fig. 5. Although the two maskers had equal LTASS and RMS
values, some amplitude peaks were higher which may have
inﬂuenced the intelligibility of the talker by producing forward
masking, thereby reducing the beneﬁt from the spectral dips that
follow the peaks.
Another plausible explanation could be due to the speech-like
qualities inherent in the MTBN that might have a higher potential
to produce distraction than energetic-only maskers. The
distractibility of speech and other complex interfering sounds
such as white noise has been tested empirically and is referred to
as the irrelevant sound effect (ISE; Tremblay et al., 2000). During
serial recall tasks, the ISE has shown to be higher for irrelevant
sounds that preserve speech-like interformant relationships than
complex sounds that do not (Viswanathan et al., 2014); these
formants (i.e., resonances at certain frequencies in the vocal tract)
are a speciﬁc feature of speech (Moore, 2012). Furthermore,
Jones and Macken (1995) showed that irrelevant background
speech disrupts serial recall. As cognitive processes relating to
recall are general to speech intelligibility and language
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acquisition, namely subcomponents of working memory such as
the phonological loop (Baddeley, Gathercole & Papagno, 1998),
the sheer number of voices in the MTBN might explain why the
effect of the MTBN on speech intelligibility was so high in
relation to LTASS-matched SSN.

Predictors of speech reception thresholds
With regards to ﬁnding a positive relationship between the ages at
which participants’ second language was acquired and their SRTs,
our ﬁndings did not replicate those of Mayo et al. (1997) in
ﬁnding a relationship between these two variables. Our results
showed that age of second language acquisition did not contribute
signiﬁcantly enough to variance in SRTs to signiﬁcantly predict
SRT performance. This relationship might be more evident in a
paradigm incorporating increasing linguistic complexity, as the
SRT task did not require very much word knowledge or higherorder linguistic processing of any kind.
A major ﬁnding in this study conﬁrmed our cognitive
hypothesis: it was predicted that second language speech would
be more cognitively demanding, and indeed we found that WM
predicted 17% of the variance in second language SRTs as
opposed to 9% in the ﬁrst language SRTs. These results suggest
that discriminating second language speech in noise was more
cognitively demanding than ﬁrst language speech discrimination,
even though this did not affect overall SRT differences between
languages. Whether or not this conﬁrms an increased role for
WM in second language speech intelligibility is in need of
corroboration and further research. In an attempt to account for
the interplay between perceptual and cognitive factors in decoding
speech-in-noise in children with hearing loss, R€
onnberg (2003)

Fig. 5. Left and right channel of the virtual noise source (VNS) signals’ envelopes. Envelopes were calculated by applying the Hilbert transform and
taking the absolute values of the obtained analytic signals. The plot shows an excerpt of ﬁve seconds of the two VNS versions based on different noise
types, namely, speech-shaped noise (SSN, black dashed line) and multi–talker babble noise (MTBN, grey dotted line). The VNS based on MTBN exhibits
higher envelope peaks than the one based on SSN.
© 2018 Scandinavian Psychological Associations and John Wiley & Sons Ltd
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developed the ease of language understanding (ELU) model of
WM referred to in the Introduction. Adapting this model to the
bilingual context is here used to explain why processing speech in
noise made up of familiar words in a second language also leads
to higher cognitive and/or semantic load in bilinguals, as
indicated by our results. A mismatch between second language
items in WM and long-term memory due to less well-developed
phonological representations for second language words, and
slower lexical access to second language items in the long-term
memory mental lexicon could account for the relationship
between second language SRTs and WMC. However, although
the relationship with second language speech has yet to be fully
established, the relationship between WM and ﬁrst language
speech is tenuous in the literature. F€
ullgrabe and Rosen (2016)
did a meta-analysis of several inﬂuential articles looking at
relationships between WM and SRTs and found a cumulative
correlation coefﬁcient of close to zero. Their own results indicated
that the relationship was age-dependent, growing stronger with
age but absent in the 18–39 year-olds.

Limitations of the study
The aim of the study was unique as was the design which was
adopted to investigate the difference in ﬁrst and second language
SRTs and the impact of noise type on SRM under simulated
room acoustics. This research virtually reproduced a real
classroom environment by matching T30 values in octave bands
with in-situ room acoustic measurements in order to achieve
maximum ecological validity. In order to avoid another confound,
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the ﬁrst and second language talker characteristics were matched
to a high degree resulting in nearly identical long-term average
speech spectra in both languages. However, some limitations were
also identiﬁed associated with ﬁrst and second language stimuli
differences. The higher ﬁrst language SRTs indicate a possibility
that differences in spectral and temporal features between the two
languages need to be more carefully controlled in future
recordings. For example, in the English VTTS, there was higher
energy concentration in the LTASS between 1.3–2.9 kHz, see
Fig. 6.
More research is needed to see if this relatively minimal
difference could have resulted in the English stimuli being
slightly easier to discriminate or whether this can be attributed to
some confounding factor with regards to the participants. The
second language ability of the sample as measured by the English
BNT was very high, and therefore this group might not be
typically representative of “normal” bilinguals. Although the
bilinguals in this study ﬁt the proﬁle of sequential bilinguals
(Castilla et al., 2009), that is, acquired English only once their
ﬁrst language was established at approximately the age of three,
their second language ability was within the normal range of ﬁrstlanguage English speakers. This is due to the fact that participants
were all enrolled at an English speaking school and which
required a high level of academic English as a basic prerequisite.
Therefore, these children also daily receive a larger quantity of
second language exposure than what might be “typical” of a
normal sample of sequential bilinguals, who generally acquire and
apply their second language in non-academic contexts and
consequently have a far lower level of both exposure and

Fig. 6. Top left/right: Magnitude of normalized long–term average speech spectra (LTASS) of the virtual target talker source (VTTS, left and right
channel of the binaural signal), based on number and color of the target sentence only, averaged over all versions of the target sentence in ﬁrst and second
language (y-axis), plotted over frequency (x–axis). Magnitude spectra were smoothed with ﬁlters of 1/9-octave bandwidths. Bottom left/right: Spectral
differences in LTASS were obtained through dividing Swedish by English LTASS, H(f){L,R},swe and H(f){L,R},eng, respectively, and subsequently
calculating the magnitude spectra (y-axis), plotted over frequency (x-axis). Between 1.3 and 2.9 kHz, a slightly higher energy concentration in the LTASS
of English VTTS can be observed.
© 2018 Scandinavian Psychological Associations and John Wiley & Sons Ltd
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competency. A ﬁnal limitation was the inclusion of the disyllabic
word “nio” (nine) in the Swedish stimuli. However, this did not
inﬂuence the results in the expected direction.

CONCLUSION
This study established that sequential bilingual children’s 50%
speech reception thresholds of a target sentence consisting of a
number and a color, in two types of noise, showed no differences
between ﬁrst and second language. The Location and Noise type
main effects individually followed similar pattern of signiﬁcance
to those found in the literature, indicating that collocated sounds
have more of a masking effect on target speech, particularly when
the masker is informational rather than purely energetic (Cameron
& Dillon, 2008; Durlach et al., 2003; Johnstone & Litovsky,
2006; Litovsky, 2005). However, a stronger relationship between
WM and SRTs was in evidence for second language conditions
than ﬁrst language conditions, indicating the possibility that the
SRT task places higher cognitive demands in a second language
than ﬁrst language speech. Future studies will investigate the
consequences of this increase in cognitive processing load during
second language speech listening, particularly in a classroom
environment, in greater detail.
The research leading to these results has received funding from the
European Union Seventh Framework Programme (FP7/2007-2013) under
Grant Agreement FP7-607139 (iCARE). Special thanks go to Jane
Eklund-Craig and the Internationella Engelske Skola V€aster
as for
participating in this study and to Sebastian Arnstr€
om for assisting with
stimuli recording and data collection.
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Purpose: Working memory capacity and language ability
modulate speech reception; however, the respective roles
of peripheral and cognitive processing are unclear. The
contribution of individual differences in these abilities to
utilization of spatial cues when separating speech from
informational and energetic masking backgrounds in children
has not yet been determined. Therefore, this study explored
whether speech reception in children is modulated by
environmental factors, such as the type of background noise
and spatial configuration of target and noise sources, and
individual differences in the cognitive and linguistic abilities
of listeners.
Method: Speech reception thresholds were assessed in
39 children aged 5–7 years in simulated school listening
environments. Speech reception thresholds of target
sentences spoken by an adult male consisting of number and
color combinations were measured using an adaptive

procedure, with speech-shaped white noise and single-talker
backgrounds that were either collocated (target and background at 0°) or spatially separated (target at 0°, background
noise at 90° to the right). Spatial release from masking was
assessed alongside memory span and expressive language.
Results and Conclusion: Significant main effect results
showed that speech reception thresholds were highest for
informational maskers and collocated conditions. Significant
interactions indicated that individual differences in memory
span and language ability were related to spatial release
from masking advantages. Specifically, individual differences
in memory span and language were related to the utilization
of spatial cues in separated conditions. Language differences
were related to auditory stream segregation abilities in
collocated conditions that lack helpful spatial cues, pointing
to the utilization of language processes to make up for
losses in spatial information.
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peech reception, namely, hearing, listening to, and
comprehending spoken language, is a multifaceted
process integrating basic auditory processing of speech
acoustics, cognitive processes (such as attention and memory),
and linguistic and knowledge-based processing (e.g., interpretations and expectations; Davis, 1964; Kiessling et al.,
2003; B. C. J. Moore, 2012; Pichora-Fuller & Singh, 2006;
Rönnberg, Rudner, Foo, & Lunner, 2008; Tsui & Fullilove,
1998). Additionally, the auditory environment often contains competing talkers and background noises that affect
speech reception as a function of their properties, such as
level (B. C. J. Moore, 2012) or the number of talkers (Simpson
& Cooke, 2005), the nature of the competing sounds (i.e.,
energetic vs. informational maskers; Brungart, 2001), and
localization (i.e., identifying where the sounds are coming
from in space; B. C. J. Moore, 2012). Signal properties,
environmental factors, and personal factors, such as age,
cognitive ability, language background, and the presence
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of publication
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of sensory impairments, are known to affect speech perception (Bronkhorst, 2000; Ching, van Wanrooy, Dillon, &
Carter, 2011; Dole, Meunier, & Hoen, 2014; Füllgrabe,
Moore, & Stone, 2015; Johnstone & Litovsky, 2006; Litovsky,
2005; Lotfi, Mehrkian, Moossavi, Zadeh, & Sadjedi, 2016;
Marsh et al., 2018).
The ability to separate target speech from noisy backgrounds has been described as the “cocktail party effect”
(Conway, Cowan, & Bunting, 2001; Moray, 1959) and is
an essential auditory skill required daily by children. In the
classroom, for example, children must separate out the
voice of the teacher from noise sources (e.g., ventilation
systems, traffic) and the competing voices of fellow pupils.
To achieve successful intelligibility under such conditions,
speech perception combines auditory processing of the signal with cognitive processing of speech and spatial listening
skills (i.e., localization). Spatial listening skills are primarily
due to interaural differences, but monaural localization
cues provided by the pinna also contribute to a lesser extent
(Wightman & Kistler, 1997). Interaural cues such as the
head shadow effect (Shaw, 1974) are based on level differences between the two ears, as the level of the sound is
highest for the ear that is closest to the sound source. Additionally, timing differences of signals between the two ears
similarly occur due to the differing relative proximities of
the ears to the sound source (Zurek, 1993). Therefore, interaural time and level differences are helpful for localizing
sound sources (B. C. J. Moore, 2012) so that sounds cooccurring in space are successfully grouped together perceptually and perceived separately when they come from
different positions (Bregman, 1994). However, this grouping comes at a cost, as sounds that co-occur are harder to
differentiate from one another, particularly for children
(Johnstone & Litovsky, 2006); the converse is also true,
there is a significant benefit to spatially separating sounds,
referred to as spatial release from masking (SRM; Freyman,
Helfer, McCall, & Clifton, 1999).
The acoustical properties of background sounds also
affect speech perception differently, depending on their characteristics, and are often categorized as energetic versus
informational masking in the literature (Brungart, 2001;
Lecumberri, Cooke, & Cutler, 2010). The masking effect
of energetic maskers, such as steady-state wideband noise,
is primarily produced as a result of overlapping energy representations of the target speech and masker signals on the
basilar membrane, thereby impairing speech intelligibility
(Brungart, 2001; for additional modulation masking produced
by steady-state noises, see Stone, Füllgrabe, Mackinnon, &
Moore, 2011; Stone, Füllgrabe, & Moore, 2012). Informational maskers (e.g., one or more competing talkers) also
provide energetic masking but have an additional effect of
speech intelligibility, which is attributable to the similarity
of the acoustic information in target and masker, which leads
to informational interference (Dole, Hoen, & Meunier, 2012;
Stone et al., 2012). Therefore, informational masking produces poorer speech perception in children than energetic
masking (Wightman & Kistler, 2005; Wightman, Kistler,
& Brungart, 2006) as a result of the acoustic similarity of
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grouped speech sources, which results in perceptual confusion
(Brungart, 2001). Furthermore, similarities in language
and semantic content lead to difficulties at the phonetic
and semantic levels of processing (Brouwer, Van Engen,
Calandruccio, & Bradlow, 2012; Schneider, Li, & Daneman,
2007).
Although children are worse than adults at processing speech in noise (Hall, Grose, Buss, & Dev, 2002), the
benefits of spatial separation of sound sources in children
are not consistently higher, despite the still-developing
auditory system, and vary depending on the type of masker.
Specifically, SRM is less pronounced when the target speech
occurs in the presence of informational as opposed to energetic maskers, as has been shown in a number of studies (Ihlefeld & Shinn-Cunningham, 2008; Johnstone &
Litovsky, 2006; Litovsky, 2005; Oh, Wightman, & Lutfi,
2001). A number of studies demonstrate that SRM in children is highly variable, and findings indicate that spatial
cues are helpful, presumably for segregating auditory streams
in the presence of informational maskers. For example, children aged 5–8 years and adults repeated back spondees presented with informational (spoken sentences) or energetic
(speech-shaped noise [SSN]) maskers (Litovsky, 2005). The
maskers were either collocated or spatially separated to the
right from the centrally located target speech. SRM with
the speech masker was 5.7 dB for the children and 0 dB for
the adults. Children also showed much higher variability in
SRM. Johnstone and Litovsky (2006) assessed the benefit
derived from spatially separating auditory sources, that is,
spatial release from informational and energetic masking,
in adults and children aged 5–7 years by evaluating the
perception of spondees in either white noise or speech that
was either unprocessed or time-reversed (the latter has the
same spectrotemporal complexity as unprocessed speech
but lacks semantic information). Maskers were either collocated with the talker at 0° azimuth or spatially separated by
90° to the right or left. In children, all three maskers proved
to be equally problematic in collocated conditions. However, when spatially separated, spatial cues significantly
improved speech reception thresholds (SRTs) by 3.4 and
6.7 dB for unprocessed and time-reversed speech, while
SRM in white noise was only 0.5 dB and nonsignificant.
Cameron and Dillon (2007) evaluated SRM in children
aged 5–11 years. SRTs for sentences presented collocated
at 0° azimuth or spatially separated by 90° to the right or
left were measured, presented with distracting talkers reading stories for children; the distractors had either the same
or different voice to the target. Same-voice distractors produced SRM of 9.3 dB, and different-voice distractors produced SRM of 11.3 dB. A central hypothesis of this study
is that some of this variability could be accounted for by
differences in cognitive ability, although it is not yet known
to what extent individual differences in cognitive ability in
children (without diagnosed cognitive or sensory deficits)
contribute to spatial listening. However, due to findings
suggesting that children with suspected central auditory
processing disorder (Cameron & Dillon, 2008) and hearing
loss (Ching et al., 2011) benefit less from spatial separation,

the contribution of individual differences in cognitive ability
seems plausible. Although no research has currently been
provided regarding how individual differences in working
memory (WM) contribute to spatial listening and SRM differences in children, why the advantages of better inhibition
of nontarget sounds and better phonological processing for
auditory stream segregation have been hypothesized in this
study will now be explained.
It has been suggested that individual differences in WM
capacity are linked to spatial listening because of higher
inhibition of competing sounds in individuals with higher
memory span (Conway et al., 2001). The function of WM
is theorized to keep desired (as opposed to irrelevant) objects of perception in awareness long enough for cognitive
processing to occur (Baddeley & Hitch, 1974). WM has been
measured in children using, for example, backward digit span
(BDS; St Clair-Thompson, 2010), and is considered to be
synonymous with executive attention (Engle, 2002). Engle
(2002) emphasizes that the capacity aspect of WM is more
indicative of the ability to control attention to retrieve and
actively maintain stored information as opposed to simply
a measure of the limitations of storage. Conway et al. (2001)
measured the WM capacity of a sample of adults using a
memory span task and assessed participants on performance
on a dichotic listening task. Irrelevant speech (to be ignored)
was presented to the first ear, while the second was presented with speech, which they were required to attend to
and “shadow” (repeat aloud what was heard). After a period,
the participant’s name was included in the to-be-ignored
speech, and the participant’s ability to inhibit distracting information was measured by whether or not they heard their
name. Sixty-five percent of the low WM capacity group
reported hearing their name as opposed to 20% in the high
WM capacity group. The researchers concluded that lower
WM capacity was linked with an inability to suppress irrelevant auditory information. In a study exploring developmental changes in the effects of irrelevant sounds (the “irrelevant
sound effect”; Beaman & Jones, 1997) on WM, performance
on a serial recall task in the presence of a variety of irrelevant
sounds were compared between children and adults (Elliott,
2002). The ability to inhibit irrelevant speech was reported
to be detrimental to serial recall in both age groups, but improved with age. Sounds that changed more, such as irrelevant speech sounds as opposed to irrelevant tones, were
more detrimental for performance in children than adults,
referred to as the “changing-state effect” (Elliott, 2002).
The improvement was theoretically linked to the development of attentional control in children, which improves
with age (Cowan, Nugent, Elliott, Ponomarev, & Saults,
1999). Another way in which WM is thought to be linked
to speech reception is through phonological processing
(Groeger, Field, & Hammond, 1999). Memory span tasks,
such as forward digit span and BDS, present lists of numbers for immediate recall, either in the same serial order of
presentation or the reverse. As the lists become successively longer, Baddeley (2000) claims that the temporarily
active memory traces and subvocal repetition mechanism in
phonological WM (the “phonological loop”) are put under

increasing strain. With the addition of challenging environmental factors such as noise or a loss of spatial cues,
mismatches in implicit phonological processing result
(Rönnberg et al., 2008).
Knowledge of the linguistic structure of language has
been shown to shape speech perception, but how individual
differences in language ability could be linked to benefits
in SRM in children has not been explored. In the case of
two competing talkers, successful language processing relies
on the ability to attend to one talker over the other (i.e.,
successful auditory stream segregation), and although the
boundary between language processing and speech perception is not entirely clear, auditory stream segregation
is theorized to occur as a precursor to language processing
(Cooke, Garcia Lecumberri, & Barker, 2008). This would
indicate that language processing would not affect auditory
stream segregation of speech. However, a native language
benefit for speech reception masked by informational maskers
has been shown in the area of second language listening and
referred to as the “foreign language cocktail party problem”
(Cooke et al., 2008), indicating that language ability and
familiarity somehow assists with speech-in-noise perception.
Indeed, the latter is more difficult for bilinguals than monolinguals, but results indicate that SRTs are lower (better)
the earlier a language is acquired (Mayo, Florentine, &
Buus, 1997). Johnson (2011) states that the exact manner
in which knowledge-driven processes assist speech perception is not entirely agreed upon, but the interaction of
language-related knowledge-driven processes with speech
processing might explain why individual differences in language ability modulate speech perception under acoustically
challenging conditions. Evidence indicates that linguistic
experience begins to shape speech perception in infancy, at
the time that speech sounds begin to acquire meaning from
approximately 6 months of age (Kuhl, Williams, Lacerda,
Stevens, & Lindblom, 1992). Findings by Ganong (1980)
indicate that linguistic knowledge shapes speech perception
in various ways, as listeners are more likely to hear acoustically and linguistically similar words in place of the nonwords they are presented with (Ganong, 1980). Furthermore,
when parts of words are replaced with noise, listeners tend
to still hear the missing phoneme (called phoneme restoration; Samuel, 1991). Therefore, those with better knowledge
of the language they are listening to are likely to fill in the
gaps in perception more effectively.
Exploring how SRM might be modulated by individual differences in WM and language ability in children is
the main focus of this experiment. The central hypothesis
of this study is that differences could assist auditory stream
segregation when sounds are collocated and more efficient
use of spatial cues when sounds are separated (i.e., SRM).
More specifically, higher WM could be indicative of more
efficient matching of incoming phonological input with
stored phonological representations in long-term memory
(Rönnberg, Rudner, Lunner, & Zekveld, 2010) and better
inhibition of distraction (Tun, O’kane, & Wingfield, 2002).
Higher expressive language (EL) ability is indicative of the
level of familiarity with the linguistic structure of language,
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with hypothetical advantages for speech reception in challenging conditions where children need to fill in the perceptual gaps and utilize speech reception advantages provided
by spatial cues. Participants were therefore assessed on
memory span and language tasks suitable for their age
group. Speech-in-noise scenarios were reproduced in a plausible virtual acoustic school classroom with simulated room
acoustics. Speech-in-noise perception was measured adaptively under two spatial locations and masked by two different noise types, namely, spectrally matched speech-shaped
white noise and a single talker. Based on an SRM paradigm
used by Cameron and Dillon (2007), spatial locations of the
target speech and noise masker were either collocated at 0°
azimuth or spatially separated at 90° azimuth to the right.
It was expected that individual differences in memory span
and EL would interact with spatial listening as a function
of ability and of the type of background masker used. More
specifically, children with higher memory and language
abilities were predicted to cope better with challenging
acoustic conditions and to derive greater benefit from the
presence of spatial cues.

Method
Participants
Thirty-nine male English-speaking children from a participating school for boys in South Africa took part in this
study. The mean age was 6 years 3 months (SD = 7 months,
range: 4 years 11 months to 7 years). Participants with a
history of cognitive, sensory, or behavioral deficit, based
on parental report, were excluded. All participants passed
a hearing loss screening test using the smartphone Android
OS application hearScreen that detects hearing losses of
greater than 20 dB HL (at 1, 2, and 4 kHz) in 97.8% agreement with standard manual audiometry (Swanepoel,
Myburgh, Mohamed, & Eikelboom, 2014). The application was run on Samsung Galaxy Pocket Plus S5301 phones
connected to Sennheiser HD202 II headphones calibrated
to prescribed standards (ANSI/ASA S3.6-2010; ISO 3891:1998) for TDH 39 supra-aural headphones (described in
Swanepoel et al., 2014). Assessments were conducted in a
sound-isolated music room of the school. Ethical approval for the study was granted by the University of
Pretoria Research Ethics Committee, Approval 25071999
(GW20171130HS), and parents provided written consent
for their children to participate in the study.

Tasks
EL
The Renfrew Action Picture Test (Renfrew, 2011)
was used to assess EL. The test requires participants to
verbally describe 10 pictures (e.g., a girl hugging a teddy
bear), and responses are scored according to information
and grammar content. The Renfrew Action Picture Test
yields information and grammar subscores (out of a maximum of 41 and 36, respectively), which were averaged to
form a language ability score that was used in the analysis
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as the EL variable. Therefore, to assess the effect of EL
ability, two median-split EL groups were created, with
scores below or equal to the median being assigned to the
“low EL” group and those above the median being assigned
to the “high EL” group.
Memory Span
The subtest Number Repetition–Backward from the
Clinical Evaluation of Language Fundamentals–Fourth
Edition (Semel, Wiig, & Secord, 2003) was used to assess
the memory span capacity. This version of a BDS test consists of 16 number sequences, ranging in length from two
to nine digits, with each sequence length occurring twice.
Participants are required to recall the sequence in reverse
order immediately after hearing it. One point is awarded
for every sequence that is correctly recalled. The maximum
score is 16, and the test is discontinued after participants
get two sequences of the same length wrong. To assess the
effect of memory span capacity, two median-split groups
(referred to as “low BDS” and “high BDS”) were created
based on the same rule as used for the creation of the EL
groups.
Speech-in-Noise Perception
The speech-in-noise paradigm is an adapted version
of the Children’s Coordinate Response Measure (described
in Vickers, Degun, Canas, Stainsby, & Vanpoucke, 2016).
All target sentences followed the form “Show the dog where
the <color><number> is!” where the call sign “color”
could be “black,” “red,” “green,” “white,” “blue,” or
“pink” and the call sign “number” was a number between
one and nine, omitting the disyllabic number seven. Speech
perception was assessed by measuring SRTs at 50% correct
speech intelligibility. SRTs were measured in four experimental conditions obtained by combining two spatial combinations so that either the masking background noise was
collocated with the target speech or spatially separated
from the target speech at 90° azimuth to the right, with
two background noise types—either SSN or speech that
differed from the target speech in content and talker voice.
The playback level of the background was fixed at 55 dB
(A) for all experimental conditions, and the starting level of
the target speech was 68 dB(A). SRTs were obtained using
an adaptive up–down procedure with variable step sizes.
The signal-to-noise ratio (SNR) in the next trial was either
decreased or increased by changing the level of the target
speech based on an up–down procedure (Levitt, 1971). The
initial step size to change the SNR was 8 dB. After the first
and second reversal, the step size decreased to 4 and 2 dB,
respectively, converging at 50% positive responses. Thereafter, the participants needed an additional five reversals to
finish the block. The SRT was then calculated based on
averaged SNR values of the last four reversals (Halliday,
Tuomainen, & Rosen, 2017). An average of the SNR values
of the last four reversals were taken as the SRT, and the
adaptive track ended automatically after four reversals had
been achieved, terminating the test. Although the total
number of potential trials within which to achieve the seven

required reversals was limited by the number of potential
color/number combinations (i.e., 48), all participants achieved
all seven reversals well within 48 trials.

Experimental Procedure and Stimuli
Speech-in-Noise Test
Each subject sat in front of a DELL Latitude E6430
laptop with a 14-in. display, and auditory stimuli were
presented over a Focusrite Scarlett 2i2 audio interface
using Sennheiser HD 650 headphones. All experimental
conditions were tested in a four-block within-subject design,
which was counterbalanced using a Latin square. Per condition, 48 different color/number combinations were randomly permutated for testing. A graphical user interface
showed a picture of a dog next to six colored panels with
numbered buttons representing all possible color/number
combinations. Participants were instructed to repeat the correct color/number combination, and the investigator clicked
on the corresponding button on the screen. The length of the
target and the background was the same, and no two noise
samples were the same (random sections of SSN and background speech were selected by the software). A maximum
SNR of 20 dB limited the target speech level to 75 dB(A),
so as to protect the participants’ hearing.
Target and Noise Stimuli
All speech materials were recorded anechoically at
a sampling rate of 44.1 kHz at 24-bit resolution using a
Rode NT1A large-diaphragm condenser microphone and
a Focusrite Scarlett 2i2 audio interface. The speech material for the background speech consisted of the 19 English
news items in News Items 1 and 2 from the section “Focus:
Listening” (Nilsson, 2016), which form part of the National Assessment Project. These news items were recorded
with an adult male talker. After removing longer pauses
between words and sentences that broke the natural flow
of the masker, all news items were normalized to a common root-mean-square value. SSN was created by deriving 211 linear predictive coding coefficients from the news
items, which were subsequently used to filter zero-mean
white Gaussian noise to achieve the same long-term average speech spectrum as the news items. The final SSN signal had the same length as the concatenated news items
material.
Simulation of the Virtual Acoustic Environment
Room acoustics were simulated based on measurements
taken in accordance with German standards (DIN3382-2,
2008) in a typical classroom with a mean midfrequency
reverberation time T30 of 0.6 s (based on the arithmetic
mean of the RTs between the 0.5 and 1 kHz octave bands).
The software RAVEN (Room Acoustics for Virtual Environments; Schröder, 2011) was used for the simulation. Binaural room impulse responses were simulated based on
a head-related transfer functions measured from a child
dummy head (Fels, Buthmann, & Vorländer, 2004).

Results
Individual Difference Measures
Data were analyzed using IBM SPSS Statistics software, and plots were produced in R programming language
and environment for statistical computing. When averaged
across all spatial locations and background noise types, the
overall mean SRT was −0.82 dB (SD = 2.87, 95% CI [−1.75,
0.11]). The mean SRT across collocated conditions was 0.65
dB (SD = 2.72, 95% CI [−0.23, 1.53]), the mean SRT across
separated conditions was −2.29 dB (SD = 3.93, 95% CI
[−3.56, −1.01]), the mean SRT across SSN conditions was
−3.85 dB (SD = 3.72, 95% CI [−5.06, −2.65]), and the
mean SRT across single-talker conditions was 2.21 dB
(SD = 3.17, 95% CI [1.18, 3.24]). The mean BDS score
was 4.21 (SD = 1.81, 95% CI [3.62, 4.79]) out of a maximum score of 8. Average EL was 24.17 (SD = 5.16, 95%
CI [22.50, 25.84]) out of a maximum score of 37.5.

Multiple Regression
After testing for outliers (>3 SDs), a multiple linear
regression was calculated to predict SRTs based on age,
BDS, and EL. The part and partial correlations matrix
provided in the regression output indicated that BDS was
significantly negatively correlated with SRTs, r = −.45,
p = .002, positively correlated with EL, r = .36, p = .012,
and age, r = .40, p = .006. In the multiple regression, a
significant relationship was found between the predictors
and SRTs averaged across spatial locations and background
types, F(3, 35) = 7.648, p < .001, with an R2 of .40, therefore accounting for 40% of the variance in SRTs. However,
only BDS was significant predictor of the variance in SRTs.
Figure 1 illustrates that participants’ predicted SRTs improved significantly ( p = .010) by 0.96 dB for every 1-point
improvement in BDS, improved nonsignificantly ( p = .729)
by 0.06 dB for every 1-point improvement in EL, and worsened nonsignificantly by 0.21 dB for every 1 point increase
in age.

Analysis of Variance
A factorial four-way repeated-measures analysis of
variance design was used with two within-subject factors
spatial location (two levels: 0°, 90°) and background noise
type (two levels: SSN, speech) and two between-subjects
factors BDS (two levels: high BDS, low BDS) and EL
(two levels, high EL, low EL). After BDS and EL were
dichotomized into high and low groups, independentsamples t tests indicated that groups did not differ significantly
in age: BDS groups, t(37) = 0.390, p = .695, d = 0.14 (low
BDS Mage = 75.9 months, SD = 6.9 months; high BDS
Mage = 75 months, SD = 6.3 months) and EL groups, t(37) =
−0.828, p = .601, d = 0.20 (low EL Mage = 74.7 months,
SD = 6.7 months; high EL Mage = 76 months, SD = 6.4
months). Analysis of variance results indicated significant
main effects of spatial location, F(1, 35) = 37.83, p < .001,
ηp2 = .52, and background noise type, F(1, 35) = 86.87,
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Figure 1. Scatter plot of backward digit span (BDS) scores and
speech reception thresholds (SRTs). A significant regression indicated
that BDS predicted variance in SRTs. Lower SRTs indicate better
performance. For better visibility, overlapping data points have been
slightly offset (i.e., jittered). SNR = signal-to-noise ratio.

p< .001, ηp2 = .71. SRM was 3.15 dB between the collocated conditions (M = 0.76 dB, SE = 0.42, 95% CI [−0.09,
1.61]) and separated conditions (M = −2.39 dB, SE = 0.31,
95% CI [−3.63, −1.15]). SRTs in the presence of background speech (M = 2.16 dB, SE = 0.51, 95% CI [1.12,
3.20]) were 5.94 dB higher (i.e., worse) than SRTs in the
presence of SSN (M = −3.79 dB, SE = 0.60, 95% CI [−5.00,
−2.57]). There was a significant between-subjects effect of
BDS, F(1, 35) = 4.45, p = .042, ηp2 = .113, with SRTs that
were 1.93 dB lower (i.e., better) in the high BDS group
(M = −1.77 dB, SE = 0.67, 95% CI [−3.12, −0.43]) than
low BDS group SRTs (M = 0.15 dB, SE = 0.63, 95% CI
[−1.12, 1.42]).
Simple effects analyses were conducted to investigate
interaction effects, which are visualized in Figure 2. Estimated
marginal means, standard deviations, and 95% confidence
intervals for the interaction results presented in this section
are given in Table 1. The two-way interaction between factors
spatial location and background noise type was significant,
F(1, 35) = 8.47, p = .006, ηp2 = .195. When the background
was speech, SRM was 5.37 dB, F(1, 35) = 26.17, p < .001,
ηp2 = .428, but SRM was not in evidence when the background noise was SSN, F(1, 35) = 1.45, p = .237, ηp2 = .040.
In the collocated condition, SRTs for speech backgrounds
were significantly higher (worse) by 8.16 dB than those for
SSN, F(1, 35) = 87.19, p < .001, ηp2 = .714, and this difference was reduced to 3.71 dB in the spatially separated condition, F(1, 35) = 11.35 p = .002, ηp2 = .245.
The spatial location by BDS group interaction was
also significant, F(1, 35) = 6.07, p = .019, ηp2 = .148. Simple
effects analysis results indicated that speech-in-noise perception did not differ between the two BDS groups in the
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Figure 2. Speech reception thresholds (SRTs) as a function of
spatial location (0º, 90º) and background noise type (speech, speechshaped noise, high/low backward digit span (BDS) group, and high/
low expressive language (EL) group. Error bars indicate ±1 SE. Left:
The speech background noise (Speech) resulted in higher SRTs
than speech-shaped noise (SSN) across spatial conditions, and
significant spatial release from masking was observed only within
the speech conditions. Middle: Low and high BDS performers
significantly benefitted from the addition of spatial cues, but the
low BDS group had greater spatial release from masking than the
high BDS group. Right: Low and high EL performers significantly
benefitted from the addition of spatial cues, but the low EL group
benefitted more. SNR = signal-to-noise ratio.

collocated condition, F(1, 35) = 0.633, p = .432, ηp2 = .018.
Both high and low BDS groups benefitted significantly
from additional spatial cues; the low BDS group’s SRM
was 1.87 dB, F(1, 35) = 7.20, p = .011, ηp2 = .171, in relation to 4.41 dB in the high BDS group, F(1, 35) = 35.12,
Table 1. Estimated marginal means, standard errors, and 95%
confidence intervals (CIs) of speech reception thresholds per
experimental condition.
Conditions
0° Azimuth

90° Azimuth

SSN
Speech
Low BDS
High BDS
Low EL
High EL
SSN
Speech
Low BDS
High BDS
Low EL
High EL

M (dB)

SE

CI 95% [lower, upper]

−3.32
4.84
1.09
0.43
1.81
−0.29
−4.24
−0.53
−0.79
−3.98
−3.00
−1.76

0.61
0.60
0.57
0.61
0.62
0.56
0.80
0.85
0.84
0.89
0.90
0.82

[−0.456, −2.08]
[3.63, 6.05]
[−0.07, 2.26]
[−0.80, 1.66]
[0.56, 3.06]
[−1.43, 0.85]
[−5.86, −2.63]
[−2.25, 1.19]
[−2.50, 0.91]
[−5.78, −2.18]
[−4.84, −1.17]
[−3.44, −0.10]

Note. Lower speech reception thresholds indicate better
performance. SSN = speech-shaped noise; BDS = backward
digit span; EL = expressive language.

p < .001, ηp2 = .501. However, the amount of SRM was significantly higher by 3.19 dB in the high BDS group, F(1, 35) =
6.797, p = .013, ηp2 = .163.
Finally, the spatial location by EL interaction was
also significant, F(1, 35) = 10.63, p = .002, ηp2 = .233. The
simple effects analysis indicated that both groups benefitted
significantly from SRM, the high EL group benefitting by
1.48 dB, F(1, 35) = 4.60, p = .039, ηp2 = .116, and the low
EL group benefitting by 4.8 dB, F(1, 35) = 40.55, p < .000,
ηp2 = .537. Across separated conditions, high and low EL
groups SRTs were not significantly different, F(1, 35) = 1.02,
p = .319, ηp2 = .028, but across collocated conditions, the
low EL group’s SRTs were significantly higher (worse) by
2.1 dB, F(1, 35) = 6.34, p = .017, ηp2 = .153.

Discussion
A significant negative correlation of moderate strength
between BDS scores and SRTs, with better speech-in-noise
perception in the high BDS group, suggests a relationship
between span-related aspects of WM capacity and speechin-noise perception in young normal hearing children, which
is further explained by interaction effects. This extends previous findings of significant correlations between BDS scores
and speech-in-noise perception in normal hearing adults
(Füllgrabe et al., 2015; Humes, Lee, & Coughlin, 2006) to
the lower end of the life span. Although high and low BDS
groups had almost equal average ages, the positive correlation between age and BDS indicated that developmental
advantages were partly responsible for having better BDS
in the sample. One way in which WM might be related to
speech reception is explained by Rönnberg et al.’s (2008)
ease of language understanding model in which WM is
linked to improvements in matching of phonological input
with stored phonological representations in long-term memory (Rönnberg et al., 2010). Francis and Nusbaum (2009)
posit that perception of speech is dependent on the amount
of WM resources available for the task, which are subject
to capacity limitations. Therefore, when speech is masked,
WM resources are spread more thinly and shared among
other cognitive tasks, which might account for the reduction
in intelligibility. Although a meta-analysis by Füllgrabe and
Rosen (2016) suggest that, across a number of studies, WM
has not been consistently associated with speech-in-noise
perception in adults, they speculated that, even in normal
hearing listeners, more WM resources may be required with
age to compensate for the consequences of age-related deficits in suprathreshold auditory processing (Füllgrabe, 2013;
Füllgrabe & Moore, 2018) on the ability to process speech
in the presence of background sounds. Therefore, a similar
hypothesis could be made for speech-in-noise perception in
young children, as basic auditory processing abilities are
still maturing in this population (e.g., D. R. Moore, Ferguson,
Edmondson-Jones, Ratib, & Riley, 2010).
Perceptually grouping sounds with their respective
sources (i.e., auditory stream segregation) is an essential
constituent of speech perception in complex acoustic scenes
(Bregman, 1994) and becomes more difficult when sound

sources are closer together. Therefore, SRTs were predicted
to be better when the background noise was spatially separated from the target speech as a result of SRM, which has
been found in a number of studies in both children and
adults (Johnstone & Litovsky, 2006; Litovsky, 2005). A
significant main effect of spatial location corroborated
these findings in children, with collocated conditions being
3.15 dB higher than spatially separated ones. These results
suggest that spatial cues (i.e., primarily interaural time and
level differences) present in spatially separated conditions
might be beneficial for speech perception by helping to define the directional properties of incoming sounds. They
could therefore theoretically assist the process of auditory
stream segregation in complex acoustic scenes such as
classrooms.
It was also expected that the speech background would
yield poorer SRTs than the SSN in children due to informational masking being highly effective in children (Wightman,
Kistler, & Brungart, 2006). The effectiveness of this masker
is possibly due to attentional capture produced by intelligible
semantic content and the changing/fluctuating as opposed to
constant/steady-state nature of the sound (i.e., changing-state
effect; Elliott, 2002) in addition to the energetic masking,
which is also present in an informational masker. The background types used in this study were selected for the purpose
of providing an easy (energetic) versus difficult (informational) masking conditions that were expected to produce
SRM differences that might be further modulated by cognitive abilities. Overall, SRTs were worse for speech backgrounds than SSN. A significant main effect indicated a
5.94-dB difference between energetic and informational
masker conditions. This is consistent with Wightman and
Kistler (2005), who found that informational maskers produce poorer speech reception and attribute this to low selective attention in children when the masker is informational.
However, Litovsky (2005) found no significant SRT differences due to the nature of the masker. Johnstone and
Litovsky (2006) also found that there was no significant
main effect of energetic versus informational masker type,
but post hoc tests revealed that the presence of spatial cues
modulated this effect in children. Specifically, energetic
masking SRTs (spatially separated to the right) were significantly higher than those for informational maskers,
but this effect was not present when the target and masker
were collocated.
In the spatial location by background noise type interaction, results are consistent with the literature. The speech
background noise yielded significant SRM of 5.4 dB; however, with SSN that had the same spectral and virtual
acoustic properties (i.e., the same long-term average speech
spectrum), no significant SRM was observed. Litovsky
(2005) found SRM of 5.7 dB when the masker was informational compared to a nonsignificant effect when the
masker was energetic. Johnstone and Litovsky (2006) indicated a benefit of 3.4 dB for the informational background
noise compared to a nonsignificant effect for the energetic
background noise, and Cameron and Dillon’s (2007) results
were 9.3 dB (distractor has same voice as target) and 11.3 dB
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(different-voice distractors). These findings indicate that the
perception of speech in the presence of energetic maskers
does not benefit from spatial cues (interaural time and level
differences), but that spatial cues become beneficial when
the masker is similar to the target (Litovsky, 2005). The effect of energetic masking on speech reception is at the peripheral rather than cognitive levels of speech processing;
therefore, SRM advantages could be expected because spatial cues provide clues as to which sound source to attend
to at the cognitive level. That is why greater SRM occurs
when speech is masked by informational maskers, as such
maskers interfere with the cognitive processes used to disentangle similar sounds (such as inhibiting irrelevant stimuli
that co-occurs with the target, causing distraction or confusion at the semantic levels of processing) and are therefore
more likely to benefit from spatial cues.
Additionally, Glyde et al. (2013) posited that one of
the spatial cues the auditory system utilizes in order to assist
with SRM is “better-ear glimpsing,” which is particularly
effective for informational maskers. Better-ear glimpsing
uses the head shadow effect on interaural-level differences
to build up a representation of the signal by attending primarily to the ear with the best SNR (Glyde et al., 2013). In
the case of the present experiment, the target was always
presented at 0° azimuth, and the masker was presented 90°
azimuth to the right in spatially separated conditions. Therefore, under separated conditions, the left ear would have
benefitted from a higher (i.e., more favorable) SNR due to
the head shadow effect, resulting in an interaural-level difference of the masker at the left ear, and a better-ear glimpsing
strategy could therefore have been easily adopted to disentangle the similar target and masker. Furthermore, as the
informational masker was a single talker with almost natural speech prosody, prosodic fluctuations allow the listener
“glimpses” of spectrotemporal regions in which the masker
was less/not present, however briefly, as described in Cooke’s
glimpsing model of speech-in-noise perception (Cooke, 2006).
Therefore, the advantages of better-ear glimpses could have
been compounded with spectrotemporal glimpses.
Although both BDS groups showed significant SRM,
the high BDS group benefitted more from the addition of
spatial cues by over 3 dB. However, both groups were
equally disadvantaged by the lack of spatial cues. As no
other investigations of individual differences in WM capacity explaining SRM advantages for speech masked by informational maskers in young children exist, we looked into
associated literature for comparative results. The link between cognitive ability and auditory stream segregation
ability has been explored in children with a central auditory
processing disorder (Lotfi et al., 2016). Results indicated
that auditory stream segregation abilities began to covary
with WM capacity as simultaneously presented 500- and
800-Hz tones became increasingly closer together (30° and 0°,
respectively). These findings were extended to the speech
domain in the current study, in which lower cognitive (specifically, WM capacity) performers’ auditory stream segregation abilities for competing talkers were also less benefitted
by spatial cues. These results could indicate that higher
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cognitive abilities related to WM capacity, such as executive
attentional control (Engle, 2002) and inhibition of interfering
sounds (Conway et al., 2001), provide benefits for perception
of spatial cues that assist in auditory stream segregation of
competing sounds (Bregman, 1994). Conway et al. (2001)
showed that adults with lower WM capacity self-reported
hearing their name in a to-be-ignored irrelevant message
45% more than a high WM capacity group, which suggests
that WM capacity is also likely to be involved in the disentangling of co-occurring sounds in children.
Both EL groups showed significant SRM, producing
similar SRTs when spatial cues were present. However, the
low EL group was significantly disadvantaged by 3.3 dB
in collocated conditions relative to the high EL group. This
disadvantage could be attributable to the loss of spatial
cues because the introduction of spatial cues in separated
conditions led to a comparatively large and significant improvement in SRTs, of nearly 5 dB, but only in the low EL
group. However, these results suggest that those with poorer
language ability are more reliant on the presence of extralinguistic (e.g., spatial) cues to identify separate auditory
streams. The usefulness of nonlinguistic cues, such as speech
rate, has been shown for speech reception in the presence of
a distractor in bilinguals (Cooke et al., 2008), and this could
be analogous, provided this group is viewed as (in some
sense) equivalent to low native language performers when
performing second language tasks. However, this interpretation of these results is limited because it is unknown why
language familiarity and knowledge might be linked to benefits in auditory stream segregation, which is considered to
be a primarily signal-driven process, although this is debated (Cooke et al., 2008). The alternate and perhaps more
likely interpretation is that the high EL group was better
able to use cognitive/language processes to make up for
speech perception deficits due to a loss of spatial information, resulting in 3.3-dB better speech reception than the
low EL group in the collocated condition.

Limitations
A primary limitation of this study is that, because it
is unclear how language ability is related to auditory stream
segregation, the implications of why individual differences
in language ability might be related to SRM were rather
limited in scope. Further research is needed to ascertain the
boundaries between signal-based processes, on the one hand,
and cognitive and linguistic processes, on the other, and the
way in which they interact with individual differences in ability. Particularly, the contribution of other nonlinguistic cues
(e.g., speech rate, fundamental frequency, level differences)
should be investigated to establish if these are collectively a
greater source of benefit in speech-in-noise reception in low
language performers. Furthermore, because a nonstandard
assessment of hearing sensitivity was used for screening for
hearing loss in participants, hearing thresholds were only
measured up to 4 kHz and not 8 kHz or even 16 kHz as in
standard manual audiometry. Therefore, a more accurate
representation of the hearing ability of our sample would

have been desirable. In particular, losses in high-frequency
sensitivity could have been investigated, which, despite not
resulting in failing the hearing screening used in this study,
are also thought to contribute to poorer speech reception in
children (Stelmachowicz, Pittman, Hoover, Lewis, & Moeller,
2004). Finally, dichotomization into high and low BDS and
EL groups was undertaken for the purposes of establishing
the role of individual differences in cognitive and language
ability. This could be a limitation as dichotomizations generally lead to reductions in statistical power, which could
potentially increase the risk of Type II errors (Cohen, 1983)
and, in extreme cases, spurious patterns of significance
(Maxwell & Delaney, 1993). However, it should also be
noted that the use of p values as indicators of significance
alone are questionable as they have been identified as poor
representations of the magnitude and importance of an effect (Sullivan & Feinn, 2012). Hence, effect sizes were also
reported in this article as an aid for increased interpretability of the findings.

Conclusions
The aim of this study was to explore how cognitive
and linguistic abilities modulate the benefits of spatial
separation (i.e., SRM) between a target talker and noise
sources of different types. Results suggest that informational maskers are more effective than energetic maskers in
masking target speech in children. A role of WM capacity
and EL for SRM is indicated in this age group, but only
when the masker was informational. Namely, higher WM
abilities could be linked to better inhibition of distraction,
phonological processing, and executive control, which in
turn assist the utilization of spatial cues, when present, in
this group. Poorer EL seems to be related to greater problems in auditory stream segregation in collocated conditions, and children falling into this group derive a greater
benefit from spatial cues than the group with higher EL
abilities. This effect is possibly linked to benefits of nonlinguistic cues for speech reception in lower language performers, but before more conclusive claims can be made,
links between peripheral auditory processing, cognitive
abilities, and language processing need to be better understood. Lines of causality between auditory and cognitive
factors and the development of the skills tested require longitudinal studies to be confirmed. The potential of auditory
training for improving speech-in-noise perception in those
with poorer WM and EL should also be evaluated, particularly types of training that engage general cognitive skills
in a variety of ways, and already shows a strong theoretical
and empirical basis for supporting speech reception processes, such as music (Patel, 2011; Strait, Parbery-Clark,
Hittner, & Kraus, 2012).

Acknowledgments
The authors report grant funding from the Swedish Foundation for International Cooperation in Research and Higher Education (IB2017-7004 awarded to Robert Ljung). The authors would

like to thank the children, their parents, and the staff at Waterkloof
House Preparatory School for taking part in this study, with special
thanks to Melanie Fouché.

References
American National Standards Institute/Acoustical Society America.
(2010). Specification for audiometers (ANSI/ASA S3.6-2010).
Washington, DC: Author.
Baddeley, A. D. (2000). The phonological loop and the irrelevant
speech effect: Some comments on Neath (2000). Psychonomic
Bulletin & Review, 7(3), 544–549.
Baddeley, A. D., & Hitch, G. (1974). Working memory. Psychology of Learning and Motivation, 8, 47–89.
Beaman, C. P., & Jones, D. M. (1997). Role of serial order in the
irrelevant speech effect: Tests of the changing-state hypothesis.
Journal of Experimental Psychology: Learning, Memory, and
Cognition, 23(2), 459–471.
Bregman, A. S. (1994). Auditory scene analysis: The perceptual
organization of sound. Cambridge, MA: MIT Press.
Bronkhorst, A. W. (2000). The cocktail party phenomenon: A review of research on speech intelligibility in multiple-talker conditions. Acta Acustica United with Acustica, 86(1), 117–128.
Brouwer, S., Van Engen, K. J., Calandruccio, L., & Bradlow, A. R.
(2012). Linguistic contributions to speech-on-speech masking
for native and non-native listeners: Language familiarity and
semantic content. The Journal of the Acoustical Society of
America, 131(2), 1449–1464.
Brungart, D. S. (2001). Informational and energetic masking effects in the perception of two simultaneous talkers. The Journal of the Acoustical Society of America, 109(3), 1101–1109.
Cameron, S., & Dillon, H. (2007). Development of the Listening
in Spatialized Noise-Sentences Test (LISN-S). Ear and Hearing, 28(2), 196–211.
Cameron, S., & Dillon, H. (2008). The Listening in Spatialized
Noise-Sentences Test (LISN-S): Comparison to the prototype
lisn and results from children with either a suspected (central)
auditory processing disorder or a confirmed language disorder.
Journal of the American Academy of Audiology, 19(5), 377–391.
Ching, T. Y., van Wanrooy, E., Dillon, H., & Carter, L. (2011).
Spatial release from masking in normal-hearing children and
children who use hearing aids. The Journal of the Acoustical
Society of America, 129(1), 368–375.
Cohen, J. (1983). The cost of dichotomization. Applied Psychological Measurement, 7(3), 249–253.
Conway, A. R., Cowan, N., & Bunting, M. F. (2001). The cocktail
party phenomenon revisited: The importance of working memory capacity. Psychonomic Bulletin & Review, 8(2), 331–335.
Cooke, M. (2006). A glimpsing model of speech perception in
noise. The Journal of the Acoustical Society of America, 119(3),
1562–1573.
Cooke, M., Garcia Lecumberri, M. L., & Barker, J. (2008). The
foreign language cocktail party problem: Energetic and informational masking effects in non-native speech perception. The
Journal of the Acoustical Society of America, 123(1), 414–427.
Cowan, N., Nugent, L., Elliott, E., Ponomarev, I., & Saults, J.
(1999). The role of attention in the development of short-term
memory: Age differences in the verbal span of apprehension.
Child Development, 70(5), 1082–1097.
Davis, H. (1964). Physiological and psychological functions in relation to anatomy and physiology. International Audiology,
3(2), 209–215.

MacCutcheon et al.: Memory Language SRM

9

DIN3382-2, German Standard. (2008). Acoustics—Measurement of
room acoustic parameters. Part 2: Reverberation time in ordinary
rooms (No. 3382-2:2008). Berlin, Germany: German Institute for
Standardization.
Dole, M., Hoen, M., & Meunier, F. (2012). Speech-in-noise perception deficit in adults with dyslexia: Effects of background type
and listening configuration. Neuropsychologia, 50(7), 1543–1552.
Dole, M., Meunier, F., & Hoen, M. (2014). Functional correlates
of the speech-in-noise perception impairment in dyslexia: An
MRI study. Neuropsychologia, 60, 103–114.
Elliott, E. M. (2002). The irrelevant-speech effect and children:
Theoretical implications of developmental change. Memory &
Cognition, 30(3), 478–487.
Engle, R. W. (2002). Working memory capacity as executive attention. Current Directions in Psychological Science, 11(1), 19–23.
Fels, J., Buthmann, P., & Vorländer, M. (2004). Head-related
transfer functions of children. Acta Acustica United With
Acustica, 90(5), 918–927.
Francis, A. L., & Nusbaum, H. C. (2009). Effects of intelligibility
on working memory demand for speech perception. Attention,
Perception, & Psychophysics, 71(6), 1360–1374.
Freyman, R. L., Helfer, K. S., McCall, D. D., & Clifton, R. K.
(1999). The role of perceived spatial separation in the unmasking of speech. The Journal of the Acoustical Society of America,
106(6), 3578–3588.
Füllgrabe, C. (2013). Age-dependent changes in temporal-finestructure processing in the absence of peripheral hearing loss.
American Journal of Audiology, 22, 313–315.
Füllgrabe, C., & Moore, B. C. J. (2018). The association between
the processing of binaural temporal-fine-structure information
and audiometric threshold and age: A meta-analysis. Trends in
Hearing, 22, 1–14.
Füllgrabe, C., Moore, B. C. J., & Stone, M. A. (2015). Age-group
differences in speech identification despite matched audiometrically normal hearing: Contributions from auditory temporal
processing and cognition. Frontiers in Aging Neuroscience,
6, 347.
Füllgrabe, C., & Rosen, S. (2016). Investigating the role of working memory in speech-in-noise identification for listeners with
normal hearing. In P. van Dijk, D. Başkent, E. Gaudrain,
E. de Kleine, A. Wagner, & C. Lanting (Eds.), Physiology,
psychoacoustics, and cognition in normal and impaired hearing
(pp. 29–36). Cham, Switzerland: Springer.
Ganong, W. F., III. (1980). Phonetic categorization in auditory
word perception. Journal of Experimental Psychology: Human
Perception and Performance, 6(1), 110–125.
Glyde, H., Buchholz, J., Dillon, H., Best, V., Hickson, L., &
Cameron, S. (2013). The effect of better-ear glimpsing on
spatial release from masking. The Journal of the Acoustical
Society of America, 134(4), 2937–2945.
Groeger, J. A., Field, D., & Hammond, S. M. (1999). Measuring
memory span. International Journal of Psychology, 34(5–6),
359–363.
Hall, J. W., III., Grose, J. H., Buss, E., & Dev, M. B. (2002). Spondee
recognition in a two-talker masker and a speech-shaped noise
masker in adults and children. Ear and Hearing, 23(2), 159–165.
Halliday, L. F., Tuomainen, O., & Rosen, S. (2017). Language
development and impairment in children with mild to moderate sensorineural hearing loss. Journal of Speech, Language,
and Hearing Research, 60(6), 1551–1567.
Humes, L. E., Lee, J. H., & Coughlin, M. P. (2006). Auditory
measures of selective and divided attention in young and older
adults using single-talker competition. The Journal of the
Acoustical Society of America, 120(5), 2926–2937.

10

Journal of Speech, Language, and Hearing Research • 1–11

Ihlefeld, A., & Shinn-Cunningham, B. (2008). Spatial release from
energetic and informational masking in a selective speech identification task. The Journal of the Acoustical Society of America,
123(6), 4369–4379.
International Organization for Standardization (ISO). (1998). ISO
389‐1: 1998. Acoustics—Reference zero for the calibration of
audiometric equipment—Part 1: Reference equivalent threshold
sound pressure levels for pure tones and supra‐aural earphones.
Geneva, Switzerland: Author.
Johnson, K. (2011). Acoustic and auditory phonetics (3rd ed.).
Hoboken, NJ: Wiley.
Johnstone, P. M., & Litovsky, R. Y. (2006). Effect of masker type
and age on speech intelligibility and spatial release from masking
in children and adults. The Journal of the Acoustical Society
of America, 120(4), 2177–2189.
Kiessling, J., Pichora-Fuller, M. K., Gatehouse, S., Stephens, D.,
Arlinger, S., Chisolm, T., . . . von Wedel, H. (2003). Candidature for and delivery of audiological services: Special needs of
older people. International Journal of Audiology, 42(Suppl. 2)
92–101.
Kuhl, P. K., Williams, K. A., Lacerda, F., Stevens, K. N., &
Lindblom, B. (1992). Linguistic experience alters phonetic
perception in infants by 6 months of age. Science, 255(5044),
606–608.
Lecumberri, M. L. G., Cooke, M., & Cutler, A. (2010). Non-native
speech perception in adverse conditions: A review. Speech
Communication, 52(11–12), 864–886.
Levitt, H. (1971). Transformed up-down methods in psychoacoustics.
The Journal of the Acoustical Society of America, 49(2B), 467–477.
Litovsky, R. Y. (2005). Speech intelligibility and spatial release
from masking in young children. The Journal of the Acoustical
Society of America, 117(5), 3091–3099.
Lotfi, Y., Mehrkian, S., Moossavi, A., Zadeh, S. F., & Sadjedi, H.
(2016). Relation between working memory capacity and auditory stream segregation in children with auditory processing
disorder. Iranian Journal of Medical Sciences, 41(2), 110–117.
Marsh, J. E., Ljung, R., Jahncke, H., MacCutcheon, D., Pausch, F.,
Ball, L. J., & Vachon, F. (2018). Why are background telephone
conversations distracting? Journal of Experimental Psychology:
Applied, 24(2), 222–235.
Maxwell, S. E., & Delaney, H. D. (1993). Bivariate median splits
and spurious statistical significance. Psychological Bulletin,
113(1), 181.
Mayo, L. H., Florentine, M., & Buus, S. (1997). Age of secondlanguage acquisition and perception of speech in noise. Journal
of Speech, Language, and Hearing Research, 40(3), 686–693.
Moore, B. C. J. (2012). An introduction to the psychology of hearing (6th ed.). Leiden, the Netherlands: Brill.
Moore, D. R., Ferguson, M. A., Edmondson-Jones, A. M., Ratib, S.,
& Riley, A. (2010). Nature of auditory processing disorder in
children. Pediatrics, 126(2), e382–e390.
Moray, N. (1959). Attention in dichotic listening: Affective cues
and the influence of instructions. Quarterly Journal of Experimental Psychology, 11(1), 56–60.
Nilsson, S. (2016). Engelska 6—Exempel på uppgiftstyper [English 6—
Examples of task types]. Gothenburg, Sweden: Göteborgs universitet. Retrieved from http://nafs.gu.se/prov_engelska/exempel_
provuppgifter/engelska_6_exempeluppg
Oh, E. L., Wightman, F., & Lutfi, R. A. (2001). Children’s detection
of pure-tone signals with random multitone maskers. The Journal
of the Acoustical Society of America, 109(6), 2888–2895.
Patel, A. D. (2011). Why would musical training benefit the neural encoding of speech? The OPERA hypothesis. Frontiers in
Psychology, 2, 142.

Pichora-Fuller, M. K., & Singh, G. (2006). Effects of age on auditory and cognitive processing: Implications for hearing aid
fitting and audiologic rehabilitation. Trends in Amplification,
10(1), 29–59.
Renfrew, C. (2011). Action Picture Test–Revised Edition. Milton
Keynes, England: Speechmark.
Rönnberg, J., Rudner, M., Foo, C., & Lunner, T. (2008). Cognition counts: A working memory system for ease of language
understanding (ELU). International Journal of Audiology,
47(Suppl. 2), S99–S105.
Rönnberg, J., Rudner, M., Lunner, T., & Zekveld, A. A. (2010).
When cognition kicks in: Working memory and speech understanding in noise. Noise and Health, 12(49), 263–269.
Samuel, A. G. (1991). A further examination of attentional effects
in the phonemic restoration illusion. The Quarterly Journal of
Experimental Psychology Section A, 43(3), 679–699.
Schneider, B. A., Li, L., & Daneman, M. (2007). How competing
speech interferes with speech comprehension in everyday listening situations. Journal of the American Academy of Audiology, 18(7), 559–572.
Schröder, D. (2011). Physically based real-time auralization of interactive virtual environments (Vol. 11). Berlin, Germany:
Logos Verlag Berlin.
Semel, E., Wiig, E. H., & Secord, W. A. (2003). Clinical Evaluation of Language Fundamentals–Fourth Edition (CELF-4).
San Antonio, TX: The Psychological Corporation.
Shaw, E. A. G. (1974). Transformation of sound pressure level
from the free field to the eardrum in the horizontal plane. The
Journal of the Acoustical Society of America, 56, 1848–1861.
Simpson, S. A., & Cooke, M. (2005). Consonant identification in
N-talker babble is a nonmonotonic function of N. The Journal
of the Acoustical Society of America, 118(5), 2775–2778.
St Clair-Thompson, H. L. (2010). Backwards digit recall: A measure of short-term memory or working memory? European
Journal of Cognitive Psychology, 22(2), 286–296.
Stelmachowicz, P. G., Pittman, A. L., Hoover, B. M., Lewis, D. E.,
& Moeller, M. P. (2004). The importance of high-frequency
audibility in the speech and language development of children
with hearing loss. Archives of Otolaryngology—Head & Neck
Surgery, 130(5), 556–562.
Stone, M. A., Füllgrabe, C., Mackinnon, R. C., & Moore, B. C.
(2011). The importance for speech intelligibility of random

fluctuations in “steady” background noise. The Journal of the
Acoustical Society of America, 130(5), 2874–2881.
Stone, M. A., Füllgrabe, C., & Moore, B. C. (2012). Notionally
steady background noise acts primarily as a modulation masker
of speech. The Journal of the Acoustical Society of America,
132(1), 317–326.
Strait, D. L., Parbery-Clark, A., Hittner, E., & Kraus, N. (2012).
Musical training during early childhood enhances the neural
encoding of speech in noise. Brain and Language, 123(3), 191–201.
Sullivan, G. M., & Feinn, R. (2012). Using effect size—Or why the
p value is not enough. Journal of Graduate Medical Education,
4(3), 279–282.
Swanepoel, D. W., Myburgh, H. C., Howe, D. M., Mahomed, F.,
& Eikelboom, R. H. (2014). Smartphone hearing screening
with integrated quality control and data management. International Journal of Audiology, 53(12), 841–849.
Tsui, A. B., & Fullilove, J. (1998). Bottom-up or top-down processing as a discriminator of L2 listening performance. Applied
Linguistics, 19(4), 432–451.
Tun, P. A., O’kane, G., & Wingfield, A. (2002). Distraction by
competing speech in young and older adult listeners. Psychology and Aging, 17(3), 453.
Vickers, D., Degun, A., Canas, A., Stainsby, T., & Vanpoucke, F.
(2016). Deactivating cochlear implant electrodes based on
pitch information for users of the ACE strategy. In P. van Dijk,
D. Başkent, E. Gaudrain, E. de Kleine, A. Wagner, & C. Lanting
(Eds.), Physiology, psychoacoustics and cognition in normal and
impaired hearing (pp. 115–123). Cham, Switzerland: Springer.
Wightman, F. L., & Kistler, D. J. (1997). Monaural sound localization revisited. The Journal of the Acoustical Society of America,
101(2), 1050–1063.
Wightman, F. L., & Kistler, D. J. (2005). Informational masking
of speech in children: Effects of ipsilateral and contralateral
distracters. The Journal of the Acoustical Society of America,
118(5), 3164–3176.
Wightman, F. L., Kistler, D. J., & Brungart, D. (2006). Informational
masking of speech in children: Auditory-visual integration. The
Journal of the Acoustical Society of America, 119(6), 3940–3949.
Zurek, P. M. (1993). Binaural advantages and directional effects
in speech intelligibility. In G. A. Studebaker & I. Hochberg
(Eds.), Acoustical factors affecting hearing aid performance
(2nd ed.). Boston, MA: Allyn & Bacon.

MacCutcheon et al.: Memory Language SRM

11

Paper

IV

ORIGINAL RESEARCH
published: 10 January 2020
doi: 10.3389/fpsyg.2019.02865

Investigating the Effect of One Year
of Learning to Play a Musical
Instrument on Speech-in-Noise
Perception and Phonological
Short-Term Memory in
5-to-7-Year-Old Children
Douglas MacCutcheon 1,2* , Christian Füllgrabe 3 , Renata Eccles 2,4 ,
Jeannie van der Linde 2,4 , Clorinda Panebianco 2 and Robert Ljung 1
1
Department of Building, Energy and Environmental Engineering, Högskolan i Gävle, Gävle, Sweden, 2 Department of Music,
University of Pretoria, Pretoria, South Africa, 3 School of Sport, Exercise and Health Sciences, Loughborough University,
Loughborough, United Kingdom, 4 Department of Speech-Language Pathology and Audiology, University of Pretoria,
Pretoria, South Africa

Edited by:
Mary Rudner,
Linköping University, Sweden
Reviewed by:
Lina Motlagh Zadeh,
Cincinnati Children’s Hospital Medical
Center, United States
Stefanie Andrea Hutka,
University of Toronto, Canada
*Correspondence:
Douglas MacCutcheon
Douglas.MacCutcheon@hig.se
Specialty section:
This article was submitted to
Auditory Cognitive Neuroscience,
a section of the journal
Frontiers in Psychology
Received: 22 June 2019
Accepted: 03 December 2019
Published: 10 January 2020
Citation:
MacCutcheon D, Füllgrabe C,
Eccles R, van der Linde J,
Panebianco C and Ljung R (2020)
Investigating the Effect of One Year
of Learning to Play a Musical
Instrument on Speech-in-Noise
Perception and Phonological
Short-Term Memory in
5-to-7-Year-Old Children.
Front. Psychol. 10:2865.
doi: 10.3389/fpsyg.2019.02865

The benefits in speech-in-noise perception, language and cognition brought about
by extensive musical training in adults and children have been demonstrated in
a number of cross-sectional studies. Therefore, this study aimed to investigate
whether one year of school-delivered musical training, consisting of individual and
group instrumental classes, was capable of producing advantages for speech-in-noise
perception and phonological short-term memory in children tested in a simulated
classroom environment. Forty-one children aged 5–7 years at the first measurement
point participated in the study and either went to a music-focused or a sport-focused
private school with an otherwise equivalent school curriculum. The children’s ability to
detect number and color words in noise was measured under a number of conditions
including different masker types (speech-shaped noise, single-talker background) and
under varying spatial combinations of target and masker (spatially collocated, spatially
separated). Additionally, a cognitive factor essential to speech perception, namely
phonological short-term memory, was assessed. Findings were unable to confirm that
musical training of the frequency and duration administered was associated with a
musicians’ advantage for either speech in noise, under any of the masker or spatial
conditions tested, or phonological short-term memory.
Keywords: speech in noise, phonological short-term memory, musical training, children, cognition

INTRODUCTION
Children receive their education in acoustic environments in which background noise is
nearly always present. Classroom noise is known to cause distraction and annoyance in
children, but its primary effect is a reduction in speech intelligibility (for reviews, see Shield
and Dockrell, 2003; Klatte et al., 2013), with a consequently negative impact on academic
achievement (Shield and Dockrell, 2008). In typically developing children, the ability to cope
with speech in noise (SiN) has been linked to individual differences in cognitive and language
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the masker. Energetic maskers reduce speech intelligibility,
while informational maskers reduce speech perception due
to acoustic similarity with the target speech, resulting in
perceptual confusion (Brungart, 2001; Wightman and Kistler,
2005; Wightman et al., 2006; MacCutcheon et al., 2019), and
informational interference (Dole et al., 2012; Stone et al.,
2012). Meanwhile, localization cues provided by the spatial
separation of the target speech from the masker can improve
intelligibility because timing and level differences between
the two ears assist with sound segregation (Litovsky, 2005;
Johnstone and Litovsky, 2006); referred to as “spatial release
from masking” (Freyman et al., 1999; Hawley et al., 2004).
However, assessments of the potential for musical training
to help speech perception under these acoustic and spatial
conditions have produced mixed results (Parbery-Clark et al.,
2009; Strait et al., 2012; Swaminathan et al., 2015) and
there is a dearth of longitudinal studies in children in
the literature.
The development of SiN perception occurs in conjunction
with cognitive development (Hall et al., 2002; Bradley and
Sato, 2008; Neuman et al., 2010). According to the Ease
of Language Understanding model (Rönnberg et al., 2008),
noise places demands on cognitive processing of speech as
working memory resources are required for assisting with
the matching of incoming phonological information with
phonological representations stored in long term memory.
Meanwhile, explicit processing resources are also used for
making guesses (informed by prior knowledge and experience
as well as contextual factors) that might provide clues as to the
nature of the missing input. This turns a relatively automatic
task into a cognitively demanding, effortful task. Both crosssectional and longitudinal studies have shown musical-traininginduced improvements in cognitive functioning in adults and
children (Benz et al., 2016). In particular, phonological shortterm memory processes essential for SiN perception seem to
be higher in child and adult musicians than in non-musician
controls (Chan et al., 1998; Lee et al., 2007; Franklin et al.,
2008; Strait et al., 2012, 2013; Bergman Nutley et al., 2014;
Roden et al., 2014).
The present study builds longitudinally on a previous crosssectional study by MacCutcheon et al. (2019). The study
investigated whether individual differences in linguistic and
cognitive abilities contribute to SiN perception in a variety
of listening conditions, composed of different masker types
and spatial configurations of the target speech and masker.
Participants were typically developing children in early stages
of development that are critical to the co-development of
language (Rhyner, 2009) and speech perception (Johnstone
and Litovsky, 2006). The results of MacCutcheon et al.
(2019) indicated that, under certain listening conditions,
memory span and expressive language provided benefits for
SiN perception. The present study adds to these findings
by longitudinally assessing the effect of 1 year of musical
training on SiN perception and phonological short-term
memory. Children attended one of two schools with equivalent
academic curriculums, except that one school offered additional
music lessons as part of the school curriculum while the

abilities (Nelson et al., 2005; Strait et al., 2012; MacCutcheon
et al., 2019), age (Corbin et al., 2016), gender (Prodi
et al., 2019), and supra-threshold auditory processing abilities
(Lorenzi et al., 2000), as well as environmental factors,
including reverberation and the spatial, spectral and temporal
characteristics of the background noise (MacCutcheon et al.,
2018, 2019; McCreery et al., 2019).
Many studies have focused on how manipulating the
acoustic environment can improve children’s attention to
verbal instructions, self-rated ability to cope with noise, speech
reception thresholds (SRTs) and cognitive performance (DiSarno
et al., 2002; Purdy et al., 2009; Dockrell and Shield, 2012;
Prodi et al., 2019). Contrastingly, the aim of the present
study is to investigate whether musical training can improve
individual characteristics of the listener that contribute to
speech perception (e.g., auditory, linguistic and cognitive
abilities) and thereby mitigate speech-intelligibility challenges
posed by noise.
Musical training has been suggested as a possible candidate
for improving auditory, linguistic and cognitive abilities (Patel,
2011; Tallal, 2014) because a multitude of studies indicate that
adults and children with musical training show greater motor,
cognitive, linguistic and auditory skills (for a review, see Benz
et al., 2016), referred to as the “musicians’ advantage” (Bas˛kent
and Gaudrain, 2016; Talamini et al., 2017). Indeed, a musicians’
advantage for SiN perception has been reported by a number of
studies in adults and children (Parbery-Clark et al., 2009; Strait
et al., 2012, 2013; Bidelman et al., 2014; Kraus et al., 2014; Slater
et al., 2015; Bas˛kent and Gaudrain, 2016). However, there are also
a substantial number of studies that failed to find strong evidence
in favor of advantages in musicians (Strait et al., 2012; Fuller et al.,
2014; Ruggles et al., 2014; Boebinger et al., 2015; Fleming et al.,
2019; Zendel et al., 2019).
Despite diverging findings, there is a compelling theoretical
basis for the possibility that musical training could improve
speech perception. Indeed, due to the similarity of the acoustic
features of music and speech, these stimuli are processed by
the same brain networks (Patel, 2011). For example, both music
and speech perception require the processing of fluctuations
in the amplitude envelope of the acoustic signal (Patel, 2011)
to discriminate musical notes and phrases and segments of
syllables and words, respectively. Additionally, pitch processing
(the ability to perceptually discriminate between frequencies)
is both an essential aspect of the emotional and linguistic
content of speech as well as the harmonic and melodic
content of music.
How and why abilities developed through musical
training might lead to improvements in SiN processing is
currently still unknown. In this study, we consider three
possibilities. The first is that musical training confers
benefits for dealing with energetic and/or informational
maskers; the second is that musical training improves
spatial listening; and the third is that musical training
confers benefits for SiN perception by improving mediating
cognitive processes.
Noise presents a challenge for speech perception as a
consequence of the acoustic and spatial characteristics of
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who used a combination of Kodaly and Orff methodologies.1
All children attended a 30-min group recorder lesson, and
twelve (29%) children received a further 30-min individual
piano or violin lesson. The remaining fifteen participants
attended a sports-focused school (the control group) where
they participated in extra-curricular sports (e.g., football, cricket,
hockey and swimming) for 2–5 h per week. Both schools
otherwise followed an equivalent Independent Examinations
Board academic curriculum. As part of this curriculum, all
children attended a weekly 30-min general group music lesson
that did not involve instrumental training. None of the
participants received additional musical training outside school.
The musical-training and control groups did not differ in age
[t(39) = 1.38, p = 0.177, two-tailed], and socio-economic status
as measured by maternal education level [t(39) = 0.39, p = 0.695,
two-tailed]. Both groups were tested on the SiN and FDS tasks
twice: once at the first assessment point (T1) when none of
the participants had received any formal musical training, and
then again at the second assessment point (T2) after attending
their respective schools for 1 year. Between-group differences in
language ability were also measured using the Renfew Action
Picture Test (RAPT; Renfrew, 1980). This test consists of 10
pictures that must be verbally described (e.g., a girl hugging
a teddy-bear), and the information and grammar content of
the responses are scored out of 40 and 35 points, respectively.
No group differences in language ability were detected at T1
[t(39) = −0.10, p = 0.922, two-tailed].

other school offered additional sports activities. Based on the
published literature, it was hypothesized that musical training
minimizes the effect of energetic and/or informational masking
on speech perception and maximizes the use of spatial cues,
resulting in improved speech perception relative to the control
group. An additional hypothesis was that musical training
improves speech perception via improvements in phonological
short-term memory.
Previous studies reporting evidence for a musicians’ advantage
provided a higher frequency and longer duration of musical
training for their participants than the present study. For
example, Kraus et al. (2014)’s and Slater et al. (2015)’s children
received up to 4 h of musical training per week for up to 2 years
before a musicians’ advantage was discernible. Although lesson
frequencies and lengths for beginners learning an instrument
are by no means standardized, norms suggest that children
who show an interest in music will initially receive a lesson in
their primary instrument once per week. Beginner instrumental
lesson times for young children are generally 30–60 min
depending on the child’s innate musical abilities and attentional
capacity as well as practicalities such as parental preferences
and resources. As this range is more representative of what
the majority of children engaging in musical activities at that
age receive under “normal” circumstances, the present study
hoped to ascertain a musicians’ advantage within a shorter
timeframe and with a lower intensity of musical training than
previous studies.

Design

MATERIALS AND METHODS

A 2 Groups (musical training vs. control) × 2 Assessment
points (T1 vs. T2) × 2 Masker types [speech-shaped noise (SSN)
vs. single talker] × 2 Spatial locations (collocated vs. spatially
separated) mixed design was used. Speech-in-noise intelligibility
was analyzed separately for each group at the two assessment
points in each of the four listening conditions obtained by
combining masker type and spatial location, as well as averaged
across listening conditions.

Participants
A total of 41 typically developing male school children
participated in the study. On average, they were aged
6.3 years (standard deviation = 0.5 years, range: 5–7 years)
at the start of the study, and had no history of cognitive,
sensory or behavioral deficits, according to parental report.
Parents of children in the participating schools received an
information letter through the schoolteacher and agreed
for their children to participate by providing written
consent. Ethical approval for the study was granted by the
University of Pretoria Research Ethics Committee, Approval
25071999 (GW20171130HS).
Prior to participation, all children were screened for hearing
deficits. Normal hearing function was established using the
smartphone hearing-screening application hearScreenTM that
detects hearing losses in excess of 20 dB Hearing Level at 1, 2,
and 4 kHz with 97.8% reliability compared to standard manual
audiometric procedures (Swanepoel et al., 2014). The application
was run on Samsung Galaxy J2 mobile phones connected to
Sennheiser HD280 Pro headphones.

Tasks
Speech-in-Noise Perception
The SiN test was run on a DELL Latitude E6430 laptop, and
the auditory stimuli were presented to the participants through
a Focusrite Scarlett 2i2 audio interface and Sennheiser HD 650
headphones. All stimuli were pre-recorded and acoustics were
simulated in a virtual classroom with a mean mid-frequency
reverberation time T 30 of 0.6 s using the software Room Acoustics
for Virtual Environments (RAVEN; Schröder, 2011). Binaural
room impulse responses were simulated based on a head-related
transfer function measured from a child dummy head so that the
1

The musical training taught the following musical concepts: pitch (identify and
produce high and low pitches, identify and produce pitch contours), duration
(identify and produce long and short sounds), beat (keeping steady beat to music
through movement and instrumental play), timbre (identify sounds through aural
cues, identify instrument families), dynamics (getting louder and softer), form
structure (introducing common form structures including AB, ABA, and Rondo
form), rhythm (producing crotchet and quaver rhythmic patterns, creating own
rhythmic patterns) and creativity (creating a “sound story”).

Musical Training and Control Groups
Twenty-six participants attended a music-focused school (the
musical-training group) where they received up to 1 h per week
of instrumental training over the course of a 38-week school
year. The training was delivered by a qualified music teacher
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(from two to nine digits) in serial order. Initially, the sequence
was composed of two digits and the sequence length was
increased by one digit after two sequences of the same length
were presented. The test was terminated once the participant
incorrectly recalled two sequences of the same sequence length
in a row, or completed all the lists. Each correctly recalled
sequence was awarded a point, resulting in a maximum score of
16 points. Raw scores were converted to age-normed standard
scores provided in the CELF-4 manual and all further analyses
were conducted using standard scores.

virtually simulated environment was appropriate for the sample
under investigation (Fels et al., 2004). Further details about the
masker and the simulation of the virtual acoustic environment
are reported in MacCutcheon et al. (2019). Speech identification
was assessed using an adaptation of the “Children’s Coordinate
Response Measure” software described in Vickers et al. (2016).
The task was to identify two target words in the carrier sentence
“show the dog where the [number word] [color word] is,” spoken
by an adult male with an English accent. The color word was
one of six colors (black, red, green, white, blue or pink) and the
number word was a number between one and nine, with the
exception of the disyllabic number seven. The location of the
target talker was simulated to be at 0◦ azimuth. The target speech
was accompanied by either a single male adult talker reading
fictitious news items, or SSN with the same long-term average
speech spectrum as the masking talker. The masker started and
ended with the target sentence. Within the simulated virtual
environment, each masker was either collocated with the target
talker, or spatially separated to the right of the target talker, at
+90◦ azimuth. SRTs for identifying the two target words correctly
50% of the time were assessed. The presentation level of the
masker was fixed at 55 dB(A) while the presentation level of the
target speech, initially set to 68 dB(A), was adaptively varied,
using a 1-up, 1-down procedure (Levitt, 1971). Until the first
incorrect response, the presentation level for the target speech
was decreased by 8 dB. Then, a step size of 4 dB was used
until the second incorrect response occurred. Thereafter, the
step remained fixed to 2 dB. Each threshold run was composed
of 48 sentences, corresponding to all possible color-number
combinations. The SRT was computed as the mean of the final
four reversals for a given threshold run.

Experimental Procedure
Testing was conducted in a sound-isolated music room of
one of the participating schools in the presence of an
experimenter. For the SiN test, the graphical user interface
showed a photograph of a dog beside six colored panels,
each subdivided into nine numbered buttons representing all
possible number and color combinations. Given their young
age, participants were asked to repeat verbally the number
and color they had heard, and the experimenter entered the
responses for them by clicking the appropriate buttons on the
user interface. The order of the four listening conditions was
counterbalanced using a Latin square design. The FDS test
was administered according to the protocol provided in the
manual of the CELF-4.

RESULTS
Results for the two groups on the short-term memory task and the
speech-perception task in the four different listening conditions
and on average are given in Table 1 for the first and second
assessment point.

Phonological Short-Term Memory Capacity
The “Number Repetition – Forward” subtest from the Clinical
Evaluation of Language Fundamentals (CELF-4; Semel et al.,
2003) was used to assess phonological short-term memory
capacity. This version of a forward digit span (FDS) test required
the participant to recall number sequences of varying length

Baseline Performance
At the start of the study (i.e., at T1), the two groups did not
differ significantly in SRTs averaged across the four listening
conditions [t(39) = 0.017, p = 0.987, two-tailed]. However, there

TABLE 1 | Group summary statistics in terms of mean, standard deviation (SD), and the lower and upper range of the 95% confidence interval (CI 95%) for performance
on the forward digit span (FDS) test and speech-in-noise perception (SiN) test in each listening condition and on average.
Test

Assessment point

FDS
SiN: Collocated ∗ SSN
SiN: Separated ∗ SSN
SiN: Collocated

∗

single talker

SiN: Separated ∗ single talker
SiN: Average
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Control group

Musical training group

Mean (dB)

SD

CI 95%
[lower, upper]

T1

6.4

2.1

[5.2, 7.6]

T2

7.1

1.9

[6.1, 8.2]

T1

−3.1

3.9

[−5.3, −0.9]

T2

−4.1

6.2

T1

−4.7

4.1

T2

−5.5

T1
T2

Mean (dB)

SD

CI 95%
[lower, upper]

7.9

2.0

[7.0, 8.7]

8.2

1.5

[7.6, 8.8]

−3.1

4.7

[−5.0, −1.2]

[−7.6, −0.7]

−5.6

2.8

[−6.7, −4.4]

[−7.0, −2.4]

−3.8

5.3

[−5.9, −1.6]

3.3

[−7.3, −3.7]

−7.1

2.5

[−8.1, −6.1]

4.6

3.7

[2.5, 6.6]

5.2

3.6

[3.8, 6.7]

1.8

2.4

[0.5, 3.1]

1.8

3.8

[0.3, 3.4]

T1

0.9

5.0

[−1.8, 3.7]

−0.7

5.5

[−3.0, 1.5]

T2

−4.4

4.0

[−6.7, −2.2]

−4.4

3.6

[−5.9, −3.0]

T1

−0.6

2.5

[−2.0, 0.8]

−0.6

3.3

[−1.9, 0.8]

T2

−3.1

2.5

[−4.5, −1.7]

−3.8

1.9

[−4.6, −3.1]

4
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was a significant group difference on the FDS task [t(39) = −2.49,
p = 0.013, two-tailed].

The interaction between Assessment point and Group was not
significant [F(1,39) = 0.59, p = 0.448, η2p = 0.018], suggesting
that the two groups did not differ in SiN perception, neither
at baseline nor after providing additional musical training to
one of the groups.
An interaction between Masker type and Spatial location
and subsequent simple-effects analysis indicated that when
the masker was SSN, speech in the collocated condition was
significantly harder to perceive by 1.3 dB than in the spatially
separated condition. When the masker was a single talker, this
difference increased to 5.3 dB. This 4-dB difference in spatial
release from masking shows that spatial cues are more helpful
for children’s speech perception when dealing with realistic
changing-state maskers that would often be present in the
classroom environment. Furthermore, SRTs for the collocated
condition were 7.3 dB higher in the presence of a single
talker than in SSN, indicative of the burden that maskertarget similarity and attention capture place on auditory stream
segregation in children.
A significant interaction was found between Masker type
and Spatial location [F(1,39) = 15.38, p < 0.001, η2p = 0.28].
A simple-effect analysis revealed that spatially separating the
masker from the target resulted in better SiN perception
regardless of the type of masker: when the masker was SSN,
speech in spatially separated conditions was significantly easier
to perceive by 1.3 dB than when collocated [F(1,39) = 4.12,
p = 0.05, η2p = 0.095], but when the masker was a single
talker, this increase between separated and collocated conditions
grew to 5.5 dB [F(1,39) = 54.61, p < 0.001, η2p = 0.5].
Furthermore, under both spatial conditions, speech masked
by SSN was more intelligible than when masked by the
single talker: when the masker was spatially separated, speech
perception masked by SSN was 7 dB easier to discern than
the single talker [F(1,39) = 21.39, p < 0.001, η2p = 0.35],
but this difference decreased to 3 dB when the masker was
collocated but remained significant [F(1,39) = 94.91, p < 0.001,
ηp2 = 0.71].
Another significant interaction was found between Masker
type and Assessment point [F(1,39) = 7.79, p = 0.008, η2p = 0.17].
The simple effects analysis indicated that at both assessment
points, SSN was the less challenging masker: SRTs at T1
were 6.2 dB better for SSN than for the single talker masker
[F(1,39) = 102.02, p < 0.001, η2p = 0.72], and at T2, the difference
was reduced to 4.3 dB but remained significant [F(1,39) = 62.43,
p < 0.001, η2p = 0.62]. Furthermore, the improvement between
the two assessment points was greater for the single talker than
SSN: when the masker was SSN, the significant increase from T1
to T2 was almost 2 dB [F(1,39) = 9.04, p = 0.005, η2p = 0.19], and
this increase between assessment points grew to 3.8 dB when the
masker was a single talker [F(1,39) = 47.41, p < 0.001, η2p = 0.55].
This suggests that there are different developmental trajectories
for coping with energetic and informational maskers. While the
effect of the energetic masker (SSN) takes place in the auditory
periphery, the effect of the informational masker (single talker) is
located more centrally and probably involves cognitive processes.
That the developmental effect was larger in the single-talker
masker indicates that cognitive abilities which assist with SiN

Effect of Musical Training, Noise-Type,
Spatial Factors and Time on
Speech-in-Noise Perception
To determine whether additional musical training over 1 year
yielded improvements in SiN perception, a repeated-measures
analysis of variance (ANOVA) was conducted on the SRTs, with
Group as the between-subjects factor, and Assessment point,
Masker type and Spatial location as within-subjects factors.
Estimated marginal means for all main effects and interactions
are provided in Table 2.
The main effect of Assessment point indicated that both
groups’ SiN perception was significantly better by 2.9 dB after
1 year [F(1,39) = 33.54, p < 0.001, η2p = 0.46] consistent
with findings that SiN perception improves with age (Hall
et al., 2002). The significant main effect of Masker type
[F(1,39) = 123.68, p < 0.001, η2p = 0.76] indicated that the
presence of a single talker led to an increase in SRTs by
5.2 dB compared to spectrally matched noise, across both
groups and assessment points. The relative increase in perceptual
difficulty experienced when the masker was a single talker is
attributable to the acoustic similarity of the target and the
masker with resulting informational interference (Dole et al.,
2012; Stone et al., 2012), as well as the audible semantic content
of the masker, which effectively captures attention in children
(Cowan et al., 1999). The significant main effect of Spatial
location [F(1,39) = 59.25, p < 0.001, η2p = 0.60] indicated that
across Group, Assessment point and Masker type factors, the
average SRT in the collocated listening conditions was 3.4dB higher compared to spatially separated listening conditions.
This corroborates studies with adults and children indicating a
benefit of spatially separating target and maskers (Litovsky, 2005;
Johnstone and Litovsky, 2006).

TABLE 2 | Estimated marginal mean speech-reception thresholds (SRTs),
standard error (SE) and the lower and upper range of the 95% confidence
intervals (CI 95%) for the main effects and interactions.
Factors

Mean (dB)

SE

CI 95%
[lower, upper]

T1

−0.6

0.5

[−1.6, 0.4]

T2

−3.5

0.4

[−4.2, −2.7]

SSN

−4.6

0.4

[−5.5, −3.8]

0.6

0.4

[−0.2, 1.4]

Single talker
Collocated

−0.3

0.4

[−1.1, 0.5]

Separated

−3.7

0.5

[−4.6, −2.8]

−4.0

0.6

[−5.1, −2.8]

3.4

0.5

[2.4, 4.3]

−5.3

0.5

[−6.3, −4.3]

Separated ∗ Single talker

−2.2

0.6

[−3.4, −0.9]

SSN ∗ T1

−3.7

0.6

[−4.9, −2.4]

SSN ∗ T2

−5.6

0.4

[−6.5, −4.7]

Single talker ∗ T1

2.5

0.5

[1.4, 3.6]

Single talker ∗ T2

−1.3

0.4

[−2.2, −0.4]

Collocated ∗ SSN
Collocated ∗ Single talker
Separated

∗

SSN
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but were conducted with children of various ages as well adults
will be considered.
In a cross-sectional study by Strait et al. (2012), 7- to 13year-old children with at least 4 years of musical training or
no musical training were tested on different SiN perception
tasks. Consistent with the present study’s observations, the
authors found no evidence for a musicians’ advantage for speech
perception in collocated babble or SSN. However, there was an
advantage for musicians’ speech perception when the SSN was
spatially separated from the target speech. The masker and spatial
conditions used in both studies had the potential to indicate
whether musical training improves either peripheral auditory
processing, cognition, or both. If the benefits of musical training
were for peripheral auditory processing, speech perception under
separated and energetic masker conditions would have been
predicted because these conditions rely more on peripheral
auditory processing than cognition. If benefits of musical training
were cognitive, however, speech perception under the more
cognitively demanding collocated and informational masker
conditions would have been predicted in the musical-training
group. In the case that both these processes were improved
through musical training, both spatial and masker conditions
would have shown improvement. As the cumulative findings
of Strait et al. (2012) and the present study indicate no
musicians’ advantage for collocated conditions accompanied by
informational maskers (i.e., babble noise or a single talker,
respectively), a cognitive advantage of musical training cannot
be concluded. Although Strait et al. (2012) found a musicians’
advantage for speech perception under spatially separated
energetic masker (i.e., SSN) conditions, the present study failed
to demonstrate such trends longitudinally. Therefore, a benefit
for musical training for peripheral auditory processing remains
to be conclusively established.
A longitudinal musical-training study with children aged 6–
9 years conducted by Slater et al. (2015) investigated whether
musical training of up to 4 h per week over 2 years improves
speech perception in collocated SSN compared to controls who
received no musical training. After 1 year, the two groups did
not perform significantly differently but a musicians’ advantage
was found after the second year of training. The discrepancy
between this observation and the present study’s findings might
result from the considerable difference in the amount of the
musical training provided in the two studies. However, crosssectional studies with at least 4 years of musical training (Strait
et al., 2012) and adults with over 10 years of musical training
(Ruggles et al., 2014; Boebinger et al., 2015) reported no benefits
for speech perception in collocated SSN for children either.
Further longitudinal investigations are warranted to interpret
these conflicting results.

perception develop faster than those attributable to peripheral
auditory processing.

Effect of Musical Training on
Phonological Short-Term Memory
A repeated-measures ANOVA, with the between-subjects factor
Group and the within-subjects factor Assessment point, was
conducted on the FDS scores to determine whether additional
musical training yielded improvements in phonological shortterm memory. There was a significant effect of Group
[F(1,39) = 9.54, p = 0.004, η2p = 0.197], with higher FDS
score in the musical training group at both baseline and T2
[t(39) = −1.84, p = 0.022, two-tailed]. Within-subject effects
indicated that, relative to T1, the average FDS score increased
from 10.2 (SD = 3.1) to 10.4 points (SD = 2.5) at T2, but this
increase was not significant [F(1,39) = 0.17, p = 0.684, η2p = 0.004].
The interaction between Assessment point and Group was also
not significant [F(1,39) = 0.41, p = 0.528, η2p = 0.01]. Therefore,
neither age-related development nor musical training produced
improvements in FDS score in relation to baseline performance.

Correlations Between Speech-in-Noise
Perception and Phonological Short-Term
Memory
The relationship between FDS scores and SRTs at T1 and T2 was
assessed using two-tailed Pearson correlations. Results indicated
significant covariance in only one of the listening conditions,
namely when the SSN was collocated with the target speech at
both T1 (r = −0.35, p = 0.026) and T2 (r = −0.45, p = 0.003).
Correlations between FDS scores and SRTs in the other three
conditions were non-significant (all p > 0.07).

DISCUSSION
Effect of Musical Training on
Speech-in-Noise Perception
The primary aim of this study was to assess whether additional
weekly musical instrument training provided over the course
of 1 year improves speech perception under the sorts of
challenging acoustic conditions children could realistically
expect to experience in a classroom. Namely, environments
in which energetic and informational maskers in various
spatial relationships with the target speech would tax speech
perception. However, there was no significant interaction
between Assessment point and Group; that is, musical training
was not associated with changes in SiN perception. Interactions
that were predicted to show a musicians’ advantage for SRTs
under various masker and spatial manipulations were also
not significant (Group × Assessment point × Masker type;
Group × Assessment point × Spatial location). No other study
to date has compared effects of musical training on SRTs
in children using different masker types and target-masker
spatial combinations in 5- to 7-year-old children. Therefore,
in what follows, findings from previous cross-sectional and
longitudinal studies which show parallels with the present study
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Effect of Musical Training on
Phonological Short-Term Memory
A secondary aim of this study was to test if musical training
improved phonological short-term memory, which, in turn,
could mediate improvements in SiN perception. At baseline, the
musical-training group showed significantly higher FDS scores
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and this advantage was maintained over time. Although groups
were not equally matched at baseline, the ANOVA indicated
whether the increase relative to baseline scores over time was
greater in the musical training group than controls. The main
effect of Assessment point indicated that FDS did not improve
significantly over the course of 1 year across groups, and
the non-significant interaction between Assessment point and
Group meant that the relative increase in FDS was not higher
in either group.
These findings contrast with results of Lee et al. (2007) who
showed that 12-year-old children with an average of 6 years of
musical training had better FDS than non-musicians, and results
of Strait et al. (2012) who reported better auditory working
memory in musically trained children aged 7 to 13 years. Strait
et al. (2012) further reported that the correlation between the
number of years of musical training received and auditory
working memory ability was “marginally significant” (r = 0.38,
p = 0.08), strongly implying that musical training was causally
responsible for the measured between-group difference. Since the
studies by Lee et al. (2007) and Strait et al. (2012) were crosssectional, it cannot be excluded that these findings might be due
to pre-existing between-group differences.
However, longitudinal evidence indicates that musically
trained children’s phonological short-term memory advantage,
indicated by cross-sectional studies, are not necessarily due to
pre-existing differences masquerading as training effects. A study
by Roden et al. (2014) showed that 45 min of weekly musical
training over 1 year in 7- to 8-year-old children significantly
improved phonological short-term memory capacity. Somewhat
surprisingly, the present study, even though methodological very
similar (using also a longitudinal design, a comparable cognitive
test, similarly aged participants, and a musical-training regimen
of similar duration and frequency) failed to find evidence for a
musical training-based cognitive improvement.

Limitations
Most prior studies investigating the musicians’ advantage
used a cross-sectional design, probably due to logistical and
practical difficulties associated with the implementation of an
actual musical-training intervention. For the present study, a
longitudinal design was adopted so as to investigate possible
causal relationships between the studied variables. To mimic
a realistic context for a training program targeting typically
developing young children, and also for logistic reasons, the
musical training was delivered as part of the school curriculum.
These choices imposed certain limits on the experimental
design of the current study. First, the children were not
randomly assigned to one of the two groups, limiting the
causal claims that could be made by the present study.
Their choice to attend the music-focused or sports-focused
school determined their group membership. Hence, a bias in
terms of participant characteristics (e.g., motivation, cognitive
abilities) cannot be ruled out, even though all participants
were normally performing pupils and the two groups did not
differ in age or maternal socio-economic status. Second, the
nature, amount and frequency of musical training was fixed
by the curriculum in the music-focused school. It could be
argued that other forms of or more musical training could
have produced improvements in SiN perception and/or in
phonological short-term memory capacity. However, it should
be noted that studies using even less musical training have
reported significant effects of musical training on cognitive
abilities, such as improvements in phonological short-term
memory after 45-min-long weekly training over 1 year (Roden
et al., 2014) or in reading ability after 30-min-long weekly
training for 8 months (Myant et al., 2008). Finally, although
the present study considered some potential confounds (i.e.,
socio-economic status, hearing and language ability) that might
have motivated children to take up musical training and might
have led to pre-existing between-group inequalities, personality
is an additional factor which has shown to be predictive of
involvement in musical activities in adults and children (Corrigall
et al., 2013; Swaminathan and Schellenberg, 2018). As personality
was not measured, it was beyond the scope of this study
to evaluate the extent to which this factor contributed to
children’s motivations to attend the respective schools, and thus
represents a potential confound that should be controlled for
in future studies.

Correlations Between Speech-in-Noise
Perception and Phonological Short-Term
Memory
The strength of the relationships between phonological shortterm memory and SiN perception was assessed using Pearson
correlations between FDS scores and SRTs in the different masker
and spatial conditions. Across groups, there was a significant
moderate inverse correlation at T1 and T2 when the masker was
collocated SSN. Similarly, Strait et al. (2012) found that auditory
working memory correlated significantly with SiN perception
in spatially separate SSN. Although spatial conditions differed,
both studies found that the energetic masker used (i.e., SSN)
covaried significantly with memory processes. This suggests that
these cognitive skills are most useful when dealing with speechperception challenges to the auditory periphery. However, it
would be more intuitive to expect that cognitive skills should
be useful when dealing with the more cognitively demanding
maskers (i.e., informational maskers) and spatial conditions
(i.e., collocated). Although, less obviously cognitively taxing
conditions (e.g., spatially separated SSN maskers) could have a
cognitive component for which stronger cognitive abilities could
potentially provide benefits.
Frontiers in Psychology | www.frontiersin.org

CONCLUSION
This study assessed the impact of 1 year of musical
instrument training on phonological short-term memory
and SiN perception in children aged 5–7 years. Musical
training improved neither phonological short-term memory,
nor SiN perception in any of the listening conditions
combining different maskers and spatial target-masker
configurations that aimed to simulate realistic classroom
conditions. This contrasts with previous studies in
similarly aged children reporting evidence of musicaltraining benefits for SiN perception (Slater et al., 2015)
and phonological short-term memory (Roden et al., 2014).
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While our study adds to the list of investigations failing to
find evidence for a musicians’ advantage, more (especially
longitudinal) research is warranted to investigate the nature,
amount and frequency of musical training required for potential
benefits in SiN perception and its underlying cognitive processes.
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