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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 class-
rooms are inclusive spaces accommodating learners with a broad range of abil-
ities and backgrounds, this research investigated some of the ways in which 
individual differences in supporting cognitive skills are related to speech per-
ception outcomes in various challenging acoustic environments. A potential 
avenue for the remediation of speech perception problems was also investi-
gated. Studies comparing trained musicians’ with non-musicians’ speech per-
ception 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 thresh-
olds in children. Therefore, the first three studies investigated relationships be-
tween 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., com-
peting sounds or talkers). In the second, third and fourth studies, the configu-
ration of target and noise sources in the simulated room were manipulated to 
be either collocated or spatially separated from one-another. In order to addi-
tionally 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 assess-
ments (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 par-
ticipating 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 perfor-
mance on speech perception or cognitive measures.  

 
Keywords: speech in noise, cognition, perception, musical training, spatial lis-
tening, virtual classroom environment  

 



 

Sammanfattning 
En stor del av elevers inlärning sker via katederundervisning i klassrumsmil-
jöer och är därför beroende av lyssnarens förmåga att hantera ett flertal akus-
tiska 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 inter-
vention med syfte att förbättra elevers taluppfattning undersöktes. Tidigare stu-
dier som jämför musikers och icke-musikers taluppfattning har konsekvent vi-
sat fördelar bland musiker inom uppgifter gällande taluppfattning i konkurre-
rande 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 förhål-
landena mellan kognitiva förmågor hos lyssnaren och taluppfattning under ut-
manande ljudmiljöer. Den sista studien undersökte huruvida ett år av musika-
lisk 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 po-
sition i det simulerade rummet till att antingen komma från samma position 
eller från olika riktningar. För att dessutom utforska förhållandet mellan tal-
uppfattning och underliggande kognitiva processer analyserades ett antal kog-
nitiva förmågor i relation till taluppfattningsresultaten under de olika experi-
mentella 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 svå-
righeter i språkförmåga, bakgrund samt prestation i flertalet kognitiva tester 
med taluppfattningströsklar. Resultaten visar att alla elever inte har en likvär-
dig 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 taluppfatt-
ning. 
 
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 Swe-
dish classroom noise legislation at the time that this thesis was initially con-
ceived. In 2016, building acoustics standards’ classification of schools in Swe-
den (SS 25268:2007, 2007) still ranked classrooms as Class C sound environ-
ments, 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-to-
peer 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 circum-
stances. That said, it is important to remember that this does not imply imple-
mentation 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 second-
language learners in the Swedish education system in the aftermath of what 
was described as a refugee crisis (Chouliaraki & Zaborowski, 2017) or Euro-
pean 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 lin-
guistic 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 back-
ground section.  

The overall purpose of this thesis was to evaluate how speech perception is 
detrimentally affected by factors in the acoustic environment and individual 
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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 incre-
mental 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 ex-
ecutive 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 stu-
dents because of the dynamic classroom environments that children now expe-
rience 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 re-
duced speech intelligibility in classrooms than RvT, and consequently the ef-
fect 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 addi-
tionally 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 mo-
tivated 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 Net-
work. The resulting Paper 2 attempted to evaluate the degree to which the lis-
tener’s language background as well as individual differences in working 
memory and language ability contributed to difficulties dealing with challeng-
ing environmental factors (noises, spatial configurations). Results indicated 
that although no baseline differences between first and second language SiN 



3

perception were discovered, working memory skills contributed more to sec-
ond 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, net-
working 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 chil-
dren. But most studies have taken the approach of optimizing the listening en-
vironment 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 “mu-
sician’s advantage” for SiN has yet to be consistently demonstrated longitudi-
nally in children or adults. Therefore, a longitudinal study seemed to be the 
most valuable contribution to make. Consequently, Paper 3 analysed the pre-
test/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 lan-
guage development due to our colleagues’ interest in the development of pho-
nological awareness in this age group). Paper 3’s findings confirmed that indi-
vidual 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 re-
ceived no musical training. However, findings were unable to confirm that mu-
sical 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 at-
tempted 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 characteris-
tics interact alongside other potential factors such as various perceptual and 
cognitive processes, development and training. This makes it particularly chal-
lenging 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 var-
ious 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 publi-
cations is given, followed by a general discussion that outlines how these stud-
ies 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 chron-
ological order of writing does not match the publication dates due to differ-
ences in the duration of the review and publication processes at different jour-
nals. 
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Background 

Speech perception 
Perceptual and cognitive processing  
Successful speech perception is a complex combination of bottom-up percep-
tual processing and top-down cognitive processing (Davis & Johnsrude, 2007). 
Basic auditory processing of speech, namely the rapid discrimination of nu-
merous spectral and temporal aspects of the speech signal, frequency and am-
plitude modulation detection for example (Elliott & Theunissen, 2009; Sheft, 
Shafiro, Lorenzi, McMullen & Farrell, 2012), transduces incoming sensory in-
formation 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 impair-
ment; Goswami 2011; Halliday, Tuomainen & Rosen, 2017; Tallal, 2004). 
Basic auditory processing therefore constitutes a fundamental “primary recog-
nition 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 pro-
cesses derive linguistic units from the information provided through auditory 
and perceptual processing (Moore, 2012). Therefore, cognitive processes me-
diate the relationship between pre-lexical and lexical stages of speech percep-
tion, linking the auditory input with stored phonological representations as a 
precursor to subsequent word recognition (McQueen & Cutler, 2010). Further-
more, 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 con-
tinuous verbal stream, mostly without any obviously distinguishing boundaries 
and often coarticulated with other phonemes (Liberman, 1970). Cognitive pro-
cesses must therefore select the most likely match for each word among a mul-
titude of nearly identical contending word representations, and do this effort-
lessly 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 re-
membering 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 corre-
spondence between the acoustic properties of the speech signal and what is 
actually heard (Moore, 2013), an exemplary case being that words are occa-
sionally 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 lis-
tener 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 fea-
tures 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), higher-
order cognitive processes take phonological information and construct linguis-
tic units of meaning through the application of grammar, semantics and prag-
matics (Carroll, 2007; Yule, 2016) which are only touched on here due to their 
limited relevance to the studies discussed, which focus primarily on the pho-
nological level and lower-order cognitive mechanism. However, when it is 
taken into consideration that all of these processes occur more-or-less automat-
ically 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 sub-
jects 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., vocab-
ulary) 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 pro-
cesses involved in the act of encoding and retrieving memories, including rep-
resentations 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 sequen-
tially 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; Broad-
bent, 1958; Waugh & Norman, 1965). Atkinson and Shiffrin’s (1968) influen-
tial 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 sen-
sory 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 ir-
retrievability 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 en-
tirely. 

 
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 span-
ning perceptual and cognitive operations. For example, the “depth of pro-
cessing” memory model (Craik & Lockhart, 1972) posits that perceived stimuli 
are processed at a number of sequentially deeper analytical levels/stages; phys-
ical 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 com-
prehension (Daneman & Merikle, 1996). For example, Mitchell (1982) pro-
posed 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 discov-
ered 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 par-
ticular 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 develop-
ment in different fundamental ways (Baddeley, 2003) which will now be de-
scribed.  
In Baddeley and Hitch’s model, speech input is theorized initially to automat-
ically 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 man-
ner analogous to a closed “tape loop” (Baddeley, 1986; Baddeley, Lewis & 
Vallar, 1984). Correlations between phonological loop performance and vo-
cabulary 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 sub-
sequent 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 re-
call” in the literature, a widely tested skill which is sensitive to list order (evi-
denced 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 famil-
iarity 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 compet-
ing stimuli, the WMC model also includes an additional control mechanism 
called the “central executive” (Baddeley & Hitch, 1974) which is also de-
ployed 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 com-
ponents (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 per-
formance is challenged by the interference or decay of activated memory rep-
resentations (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 operationali-
sations 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, in-
cluding 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-an-
other (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 par-
ticipants had learned the English translations for those words) and non-words 
(e.g., teggid, gug, maffow) which lack long-term memory representation, test-
ing 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 phonologi-
cal 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 phonolog-
ical familiarity to be more helpful than word or semantic association. This 
gives credence to their phonological hypothesis, namely that the degree of en-
coding of phonological representations in LTM affects the functioning of 
shorter-term memory processes (e.g., temporary storage and retrieval) that un-
derlie speech perception.  
Speech perception becomes more demanding/effortful under certain condi-
tions which increase demands placed on cognitive processes, such as the pres-
ence of noise or hearing impairment (Rönnberg, 2003; Zeveld & Kramer, 
2014). Developing on Baddeley’s model of WM, The Ease of Language Un-
derstanding (ELU) model (Figure 3) was developed to explain how a speech 
signal is degraded by noise (and/or the listener is hearing impaired) places in-
creasing 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 phono-
logical input is rapidly and automatically combined in the episodic buffer, 
whereafter short-term representations are matched with their equivalent pho-
nological representations in long-term memory. As interference at perceptual 
or cognitive levels of processing due to noise and/or hearing impairment inter-
feres with this matching process however, Rönnberg et al. (2013) theorized 
that other skills which are also WM-resource-dependent (e.g., making infer-
ences, 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 es-
tablishing the relationship between WM-related capacities and SiN perception, 
with the implication that those with higher WM capacity will be more advan-
taged 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 re-
views, see Bronkhorst, 2000, and Haykin & Chen, 2005). Whether one-on-one 
or in company, the underlying cognitive processes whereby sounds are inte-
grated 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 emanat-
ing from the same source (e.g., a salient speaker), guided by proximal relation-
ships 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 organi-
zation however is the tendency for cognitive processes to group sounds accord-
ing 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 be-
tween 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 help-
ful 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 rel-
atively narrow range, giving most individual speakers systematic pitch conti-
nuity; 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 be-
tween 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 obvi-
ously 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 communica-
tion and other vocal sounds including laughter and singing, there are secondary 
non-speech noises which are also necessary that are generated through activi-
ties 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 build-
ings 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 pres-
ence 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 repre-
sentation on the basilar membrane so that it cannot be adequately represented 
and therefore perceived (Moore, 2013). Although the types of energetic mask-
ers 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. Typi-
cally, 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 qual-
ities, 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 exper-
iments, the signal has all the required characteristics for perceptual intelligibil-
ity (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, possi-
bly because speech easily captures higher-order cognitive processes. Some-
times 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 bab-
ble), 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 class-
room 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 chil-
dren’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 per-
ceptually disentangling similar sound sources at more central levels of pro-
cessing, and as such thwarts auditory stream segregation (Durlach et al., 2003). 
However, many different perceptual and cognitive limitations could be of in-
terest, including an inability to attend to the correct sound source due to con-
fusion, 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, Lach-
mann & Meis, 2010). If the room is sufficiently large, late reflections of the 
speech signal are perceived as coming after the direct sound because the re-
flections 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 per-
ceptual 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 recom-
mendation 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 perfor-
mance 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 & Kjell-
berg, 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 per-
ceptual dominance. Part of the way in which children perceptually disentangle 
simultaneously occurring sounds into discrete auditory streams is through lo-
calization 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 (di-
rection 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 in-
teraural level differences (ILDs), have been identified as primary cues for lo-
calizing 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 sim-
ultaneously (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 com-
peting 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, Ma-
son, Best & Marrone, 2010; Litovsky, 2005), depicted in Figure 4. This sug-
gests 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 re-
sulting perceptual advantage of spatial separation in decibels (dB) is called “spatial re-
lease 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 cog-
nitive systems are in a state of developmental maturation throughout child-
hood, 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, bottom-
up 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 im-
prove with age (Moore, 2013) under the influence of co-maturing cognitive 
processes, therefore individual differences, maturational or otherwise in na-
ture, 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 lan-
guage 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 ad-
vantages 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, lan-
guage ability and spatial processing should be meaningfully related to SiN per-
ception, 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 instru-
ment. 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 & Chandra-
sekaran, 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 sus-
tained attention, might partially explain language gains seen as a result of mu-
sical 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 lan-
guage, despite the potential for music to be used in a clinical setting for lan-
guage 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 language-
learning disorders (e.g., dyslexia and specific language impairment) should ex-
hibit auditory processing problems, as indeed they do (Halliday, 2014; Rosen, 
2003). Additionally, those with hearing loss have shown to exhibit both audi-
tory 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 theo-
retical framework on which to further describe the link between musical train-
ing 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 re-
quire 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 ampli-
tude fluctuations, particularly the slope of the envelope onset (called the “at-
tack time”) (Gordon, 1987). Another speech-music overlap is evident in fre-
quency processing, of which pitch (i.e., the perception of whether a tone is 
perceptually higher or lower in frequency) is the perceptual correlate. Musi-
cians 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 discrimi-
nation, when developed through musical training, is transferrable to the lin-
guistic 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 encoun-
ter in the early years of schooling; specifically, noisy environments. While a 
good deal of correlational evidence exists suggesting a causal relationship be-
tween 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, Parbery-
Clark, Hittner & Kraus, 2012), albeit with some exceptions (Boebinger et al., 
2015; Fuller, Galvin, Maat, Free & Başkent, 2014; Ruggles, Freyman & Ox-
enham, 2014), a smaller number of longitudinal studies have been able to con-
firm 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 po-
tential for musical training to be used for improving SiN perception in groups 
for whom the challenges of noisy environments might be greater (e.g., chil-
dren, second language learners, groups with sensory and cognitive deficits) re-
quires extensive investigation, once research has sufficiently established base-
lines such as the quantity and frequency of training required to produce im-
provements 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 specifi-
cally, it aimed to determine whether those with poorer cognitive skills are dis-
proportionately 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 pro-
duced by reducing the RT from 0.9s to 0.3s). A mixed design was used to de-
termine 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 re-
ception thresholds (SRTs) for 50 % intelligibility were disproportionally af-
fected 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 cog-
nitive processes that support speech perception were also evaluated so as to 
identify whether their relationships to first and second language speech per-
ception were different. It was expected that cognitive processes would be more 
imperative to the process of speech perception in the more cognitively demand-
ing/effortful listening situation, namely when listening to second language 
speech. Tests of language ability, working memory and first and second lan-
guage SiN perception under different acoustic conditions in which manipula-
tions of masker type (speech-shaped noise, multi-talker babble) and spatial lo-
cation (collocated, spatially separated) were assessed. SRTs for number and 
colour words presented in a carrier sentence were assessed under different con-
ditions 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 differ-
ences in cognitive and language ability contribute to SiN perception and spatial 
release from masking in monolingual children at a critical phase of their lan-
guage development. It was expected that poorer supporting language and cog-
nitive skills would be related to worse SRTs under the various noise and spatial 
conditions, and subsequently worse spatial release from masking, with the im-
plication 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 ob-
serve 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 sup-
ported 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 rela-
tionships 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 vo-
cabulary using a picture/confrontation naming paradigm. Participants are pre-
sented 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 para-
digm in which 10 pictures are presented sequentially which illustrate a com-
plex 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 dic-
tates their description verbatim and scores the information and grammar con-
tent 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 back-
ward 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 informa-
tional maskers (multi-talker babble noise in Paper II, and a single competing 
adult male talker in Papers III and IV), by incrementally decreasing the signal-
to-noise ratio of the stimuli until. Furthermore, the location of the masker was 
manipulated spatially to either be collocated with the target or spatially sepa-
rated 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 cali-
brated headphones and a designated external sound card. The user interface 
which captured their responses was developed in-house and presented partici-
pants 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 meas-
urements 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 stim-
uli were presented over calibrated headphones and an audio interface. Re-
sponses 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 in-
teraction 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 in-
dicated 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 multi-
talker babble conditions produced worse (i.e., higher) average SRTs and there 
were no significant interactions; significant main effects are displayed in Fig-
ure 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 aggre-
gated 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 inter-
vals, 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 spa-
tially separated sound sources and high language ability for coping with collo-
cated 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, indicat-
ing 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 bet-
ter 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 liter-
ature 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 in-
formational characteristics produce higher (i.e., worse) SRTs than purely en-
ergetic maskers, corroborating the widely demonstrated influence of target-
masker 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 spa-
tial 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 Rönn-
berg’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 per-
ception 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 difficul-
ties 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 cock-
tail 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; Bidel-
man, 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 ad-
vantage 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 pa-
pers. 

The primary strengths and limitations of this body of work are both meth-
odological. 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 eco-
logical 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 suf-
ficiently 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. Fur-
thermore, 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 pho-
nological 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 can-
not be generalized beyond those age groups. More research is therefore re-
quired 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 acces-
sible to nearly all children in some form or another at their critical stages of 
language development the world over, would provide the solution by indicat-
ing 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 estab-
lish 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 per-
ception and cognition in young children with ordinary abilities, there is no rea-
son 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 cu-
mulatively represent nothing more than initial uncertain steps along the path-
way to an individual understanding of the extremely complex and hotly con-
tested 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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