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Abstract

Background

The capacity to listen effectively greatly influences learning. Speech understanding in
noise, a crucial element of listening, involves the ability to comprehend and interpret
speech despite surrounding auditory distractions or background noise. While numerous
studies have examined the effect of noise on academic success, there is a noticeable
lack of research focusing on how a student’s skill in understanding speech amidst noise
connects to their unique educational achievements and overall learning journey. This
study explores the relationship between listening ability and educational achievement.

Design

108 primary school aged children; 55 from Grade 3 (mean age of 8 years 9 months)
and 53 from Grade 5 (mean age of 10 years 7 months) participated in this study. Chil-
dren completed both a listening skills assessment, using the Sound Scouts platform
and the National Assessment Program - Literacy and Numeracy (NAPLAN). Interac-
tions between results were explored.

Results

A significant interaction between speech-in-noise ability and reading was seen in the
combined cohort. When exploring interactions between variables within year levels, sig-
nificant correlations between literacy (reading, grammar/punctuation, writing and spelling)
outcomes, but not numeracy, were found in the Grade 3 children. No significant interaction
between listening skills and academic achievement were observed in the Grade 5 cohort.

Summary

The link between speech-in noise ability and literacy development provides insight
into overlapping processes in both skills and their developmental trajectories. This
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highlights the importance of identifying not only the role that noise itself plays in
learning, but the skills that support the ability to manage classroom listening environ-
ments. This research has implications for early hearing screening programs, teaching
approaches, and interventions focused on enhancing the learning environment for all
students.

Introduction

For effective teaching and learning, successful transfer of knowledge from educator
to student must occur. The student’s listening ability is a key factor in this exchange
as it forms the basis for understanding and the processing of spoken information.
The negative impact of hearing loss on academic achievement has been compre-
hensively shown in the literature [1-3], however less is known about how listening
ability in children without diagnosed hearing impairment can influence academic
outcomes. Listening is an active skill that plays a pivotal role in learning. It encom-
passes the ability to decode, interpret, and synthesize auditory information, making
it a key component of academic success [4]. Listening is an interactive process that
allows meaning to be drawn from the sounds heard [5], and can be measured by
subjectively evaluating skills such as following instruction, understanding speech and
maintaining concentration in noise. Real-life listening ability may quantify how well a
student is able to listen in the environments they normally experience. In a primary
school classroom, effective listening is not limited to the comprehension of spoken
language alone. It extends to interactions with classmates, discussions, and group
activities — all of which are integral to learning. Whilst more than half of classroom
learning consists of active listening activities [6], the classroom environment often
presents significant challenges to listening in the form of ambient, background noise
and distractions, which can impede a child’s ability to engage with and absorb educa-
tional content [7—10].

In educational settings, ambient noise is an ongoing challenge, whether it be the
voices of fellow children, the hum of electronic devices, or external environmental
sounds. These auditory distractions can significantly affect children’s speech percep-
tion, making it difficult for them to fully grasp the content being delivered by teachers
or peers. As the intensity of the background noise increases, the signal to noise
ratio (i.e., the level of the speaker’s voice relative to the noise [SNR]) decreases,
resulting in a degradation of speech intelligibility. For this reason, SNR is the focus
of most evaluations of classroom acoustics [11—13]. A recent review conducted by
Minelli and colleagues (2022), established that when noise levels exceed acceptable
levels and poor SNR result (<+5 decibels [dB]), children below the age of 12 are
unable to achieve satisfactory academic performance. The type of noise, in addition
to the overall noise level, has also been recognized as crucial [14]. Notably, distract-
ing speech noise has been shown to have an adverse effect on academic perfor-
mance, as highlighted in a review of the effect of noise on cognitive performance in
children [10]. For instance, meaningful speech has been shown to result in greater
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impairments on verbal tasks than meaningless speech [10]. Meaningful speech may engage semantic functions that com-
pete with ongoing academic literacy tasks, and when trying to ignore a competing signal of meaningful speech, such as

the child’s name, there is an increased burden of attention. A phenomenon, known as the Irrelevant Sound Effect (ISE), is
outlined in Puglisi et al.’s study on reduced reading speed in 7-8-year-old children in poor acoustic environments [15]. The
irrelevant sound effect describes the reduced performance of adults and children on visual tasks such as memorisation of
items in the presence of background speech noise, even if this speech is not relevant to the task being performed [16—18].

Auditory factors such as increased listening effort alongside masking effects have been proposed as mechanisms for
disruption of learning. Rance et al. [19] suggest a causal link between auditory factors and cognitive effects, implicating
attention and cognitive resource allocation (CRA) resulting in poor academic progress due to excessive noise levels for
some children. They found that classrooms with better acoustics had higher rate of improvement in reading fluency across
a school term and this effect was heightened for students with poor speech in noise skills. However, quantifying the ‘link’
between listening effort and academic progress remains challenging due to a lack of direct measures of listening effort
[19].

To better understand how noise and learning interact, more clarity on not only how (but which) learning outcomes
are affected by children’s ability to manage background noise is needed. Is this seen across the breadth of learning
or limited to a particular domain? Noise in the classroom environment has been reported to disrupt a wide range
of educational processes as noise can impede a child’s ability to concentrate and maintain attention, resulting in
reduced comprehension of instructional material [20]. Klatte and Lachmann [21] have shown that excessive noise
levels can hinder students’ working memory, making it challenging for them to retain and manipulate information,
which is integral to tasks utilising problem-solving and critical thinking. The ability to engage in effective classroom
discussions and participate in group activities can be compromised in noisy environments, potentially impacting
social and communication skills development. Thus, it is evident that noise has the potential to affect a spectrum of
learning outcomes.

While noise may disrupt all learning domains, the interference in reading learning may relate to comprehension and
decoding skills. For instance, studies such as those by Shield and Dockrell [20] have shown that background noise can
hinder the ability to understand and process written text, leading to reduced reading fluency and comprehension. This
disruption in reading arises from the need for effective phonological processing and semantic integration, both of which
can be impeded by noise. A review by Mealings [22] concluded that noise exposure has an adverse effect on literacy per-
formance in children. In contrast, another review by Mealings [23] found varied impacts of noise on children’s numeracy
outcomes. The effect of noise on numeracy learning may centre on working memory and problem-solving tasks. Research
like that of Klatte and Hellbriiuck [24] indicates that noise in educational settings can challenge children’s working mem-
ory, making it more difficult for them to perform mental calculations and engage in problem-solving tasks. This suggests
that while noise may affect both reading and numeracy learning, the cognitive processes involved in each domain may
respond differently to noise interference.

While various studies have explored the impact of noise on academic performance, there is a distinct scarcity of
research that specifically investigates how an individual’s ability to perceive speech in noisy environments correlates with
their distinct educational achievements and overall learning experience. Rance, Dowell, & Tomlin [19] demonstrated that
noisy classroom environments impact on learning and linked lower levels of speech-perception in noise with lower levels
of reading fluency development in primary school aged children. Additionally, researchers have identified lower levels of
speech-in-noise recognition as one characterizing feature of dyslexia [25,26]. This research gives cause to further explore
the relationship between speech in noise recognition and learning.

The primary objective of this study was to investigate the direct link between speech-in-noise ability and learning out-
comes in educational settings. We aimed to determine whether variations in speech in noise proficiency are associated
with differences in academic performance across the breadth of learning, or if certain domains are more impacted than
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others. The findings of this study hold the potential to inform educational practices, teaching strategies, and interventions
aimed at optimizing the learning environment for all students.

Methods
Participants

A total of 108 children from 7 government primary schools across the state of Victoria in Australia were included in this
study. Mean age of all participants was 9 years 8 months, with a range of 8 years 0 months to 11 years 6 months. Our
sample included 55 children from Victorian year level 3 and 53 in year 5. Mean age of Grade 3 children was 8 years 9
months (Range 8 years 0 months to 9 years 8 months), while mean age of Grade 5 children was 10 years 7 months
(Range 9 years 9 months to 11 years 6 months). Decile scores for the relative socioeconomic advantage and disadvan-
tage, calculated using the postcodes of the included schools were collected. A score of 1 represented the lowest 10% of
scores in Australia and scores of 10 represented the highest 10% [27]. The locations of two schools were in areas scoring
a 1, three school locations scored a 2, one school a 3 and one school a 5 [27]. Children were invited to participate if they
were in Victorian Grades 3 and 5, as the National Assessment Program - Literacy and Numeracy (NAPLAN) occurs for all
children annually in these year levels [28].

This study was approved by the University of Melbourne Human Research Ethics Committee (193825.1). Informed
written consent from caregivers and verbal assent from each child was obtained for all participants.

Hearing assessment

Hearing assessments occurred between May and September 2022. Each child completed a hearing screening using
the automated hearing assessment software, Sound Scouts [29]. Children completed the testing on iPads with Senn-
heiser HD300 headphones, under the supervision of an Audiologist. Assessments occurred in quiet, unoccupied
rooms within school grounds (such as empty classrooms or office spaces). Each assessment ran for approximately 10
minutes.

Sound Scouts is presented as a game on tablet devices, with interactive multimedia and graphics intended to engage
and interest children [29]. The game involves three different assessments of a child’s hearing and listening ability, pre-
sented sequentially. Each test is introduced verbally, with instructions audible through the headphones. The first test of the
game is a speech-in-quiet test. During this test, target words are presented aurally to the child, one ear at a time. This test
results in a speech recognition in quiet threshold, for each ear, and results are used to calibrate the volume required for
the subsequent assessments. Following the speech-in-quiet test is a tone-in-noise test, which tests both ears and results
in another individual score. Finally, a speech-in-noise test proceeds until a speech reception threshold in noise is estab-
lished, representing the average of SNRs presented over the test period. Speech-in-quiet and tone-in-noise assessments
aim to identify children with varying patterns of hearing loss, whereas the measure of speech-in-noise additionally aims to
identify children with auditory processing deficits [29]. For further detail about each sub-test, the original article by Dillon et
al. [29], may be consulted.

Each of the tests described is assessed for validity and scores are given for performance on each of the three tests.
This score represents the child’s performance; calculated by comparing the result to normative data, to give a score that
considers a child’s performance in relation to typically developing children of their age, as described by Dillon and Mee
[29]. Scores are then translated into pass-fail results, and are summarised as: fail (0—70), borderline (71-78) and pass
(79+). Despite Sound Scouts being a screening tool rather than diagnostic test, the test has been shown to accurately
identify abnormal auditory function, with a sensitivity of 85% to correctly identify any hearing loss in children increasing
to 100% to identify an average hearing loss of worse than 30dBHL [29]. Specificity of between 95-98% has also been
demonstrated, indicating a low rate of false refers [29,30].
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Academic achievement measure

Academic achievement measures in the form of standardised scores from the NAPLAN were obtained following consent
from parents. Each child’s most recent NAPLAN results were obtained (their May 2022 assessment). Five academic
domains are assessed through NAPLAN: Reading, Numeracy (including algebra, geometry, measurement and statistics
and probability), Spelling, Writing, and Grammar & Punctuation. Raw scores for each test represent questions answered
correctly and are converted to normalized scale scores [28]. These scales range from approximately 0 (lowest perfor-
mance) to 1000 (highest performance) and show student accomplishment in relation to national minimum standards for
learning.

Statistical analyses

Descriptive statistics of our sample were generated, as were Pearson correlation coefficients for all pairs of Sound Scouts
test scores and NAPLAN domains. Mixed effects regression models were then run to investigate associations between all
academic measure scale scores and Sound Scouts scores for children depending on their year level. School was treated
as a random effect, year level as a categorical fixed effect and three Sound Scouts listening measures were considered
as continuous predictors: speech-in-quiet score (2™ ear), tone-in noise score and speech-in-noise score. Speech-in-quiet
score (1%t ear) was not included as a predictor as it was found to be highly correlated with speech-in-quiet score (2™ ear).
Statistical analyses were performed using Minitab (version 21.3) and R (version 4.4.1) software.

Standard diagnostic plots were checked for each regression model. Collinearity among predictor variables was evalu-
ated via the variance inflation factor (VIF), a measure of the impact of multicollinearity on the fitted regression model. All
predictors for all of the models had a VIF of less than 2; with values below 3 demonstrating tolerable levels of collinearity
for the purpose of regression analysis [31,32].

The linear mixed model results are presented as standardised effect sizes. For the dichotomous predictor (year level)
the standarised effect size was calculated as the estimated difference in means between year levels, divided by the resid-
ual standard deviation from the mixed effect model. The residual standard deviation is the standard deviation of errors
from the fitted model (after accounting for the predictor variables, including differences in mean between schools, which
is treated as a random effect). For continuous predictors and interaction terms with year level, the standarised effect size
was calculated by refitting the model but normalizing the response and all predictor variables [33].

Results
Hearing assessment

All children completed both the hearing assessment (Sound Scouts) and NAPLAN within 4 months of one another. Scaled
hearing assessment scores for Grades 3 and 5 are presented in Fig 1.

Academic achievement

Academic performance scores from NAPLAN had a group mean of 462.7 (90.4 SD) for Reading, 432.2 (74.3SD) for
Numeracy, 432.3 (95.4SD) for Spelling, 438.3 (69.7 SD) for Writing, and 449.0 (89.9 SD) for Grammar and Punctuation.
NAPLAN scores are reported on a common scale across all year levels, allowing comparisons of performance for stu-
dents over time. Mean scores were higher across all measures for Grade 5 compared to Grade 3, as is expected from
national mean scores. Grade 3 academic performance scores from NAPLAN had a group mean of 460.3 (94.2 SD) for
Reading, 429.3 (69.4SD) for Numeracy, 413.0 (83.4SD) for Spelling, 423.6 (54.9 SD) for Writing, and 451.1 (89.0 SD) for
Grammar and Punctuation. Grade 5 academic performance scores from NAPLAN had a group mean of 503.1 (76.0 SD)
for Reading, 483.87 (56.8SD) for Numeracy, 486.6 (87.3SD) for Spelling, 479.6 (74.2 SD) for Writing, and 482.6 (69.2
SD) for Grammar and Punctuation. A representation of scores by each year level can be seen in Fig 2. NAPLAN data
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Fig 1. Sound scouts scores by academic year level and hearing assessment sub-test. Scores for overall Sound Scouts score, first ear speech-in-
quiet, second ear speech-in-quiet, speech-in-noise and tone-in-noise are reported. Score cutoffs: fail (0-70), borderline (71-78), pass (79+).

https://doi.org/10.1371/journal.pone.0324998.g001

was also explored to examine the variance by year level. Levene tests of equal variance showed no significant difference
across all NAPLAN domains of Reading, Writing, Spelling, Grammar/Punctuation and Numeracy (p=.19;.89;.11;.26 &.53
respectively).

Associations between measures

Table 1 describes correlation between hearing assessment and NAPLAN scores. Strong relationships between hear-
ing assessment subtests were found, with all being significantly correlated with one another. This was also the case for
NAPLAN scores. A statistically significant correlation between reading scores and speech-in-noise (p=.020) as well as
overall Sound Scouts score (p=.004) was found.

Mixed effects regression modelling for NAPLAN scores

Mixed effects regression models were fitted to predict NAPLAN scores. The mixed effects models included both fixed and
random effects predictors. The fixed effects were year level (treated as a categorical predictor with two levels), speech
perception in quiet score, tone perception in noise score, and speech perception in noise score. School was included as a
random effect in each model. Separate models were created for each NAPLAN domain (reading, numeracy, spelling, writ-
ing, grammar/ punctuation). As noted previously, given the high and significant correlation between 15t and 2" ear speech-
in-quiet scores (coefficient 0.70; p<.001), only the second ear was included in the analysis.

The initial model (model 1) includes interactions between year level and each Sound Scouts outcome measure. Year
level was a highly significant predictor of performance across all NAPLAN domains, with Year 5 students scoring better
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Table 1. Correlation coefficients for all children **p<.01 *p<.05.

Overall Sound |Tonein |Speechin | Speech in quiet Speech in quiet | Reading| Spelling Writing | Grammar &
Scout Score Noise Noise (1t ear) (2 ear) Punctuation

Tone in noise 0.70**

Speech in noise 0.78** 0.30**

Speech in quiet (1 ear) 0.56** 0.31** 0.40**

Speech in quiet (2" ear) |0.67** 0.32** 0.48** 0.70**

Reading 0.23** 0.10 0.19% 0.08 0.15

Spelling 0.13 0.02 0.11 0.00 0.13 0.76%*

Writing 0.12 0.00 0.07 0.00 0.14 0.67** | 0.81**

Grammar & Punctuation | 0.13 -0.03 0.14 0.02 0.1 0.79** | 0.76** |0.68**

Numeracy 0.02 -0.04 0.06 -0.04 -0.02 0.64** | 0.62** |0.53** | 0.65**

https://doi.org/10.1371/journal.pone.0324998.t001

than Year 3 (Table 2). Speech-in-noise performance showed a significant interaction with multiple NAPLAN metrics (read-
ing, grammar/punctuation and writing), and this interaction term showed a marginal effect for spelling. Furthermore, the
standardized effect sizes for this interaction were consistently the second highest (after year level) among the predictors
included in Model 1; these were also consistent in the direction of the association across all of the NAPLAN outcomes.
Of the other Sound Scouts scores, only speech-in-quiet showed a significant (positive) association with a single NAPLAN
metric (Spelling), however as noted the effect size was less than the year-level by speech-in-noise score.
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The relationship of the two variables highlighted in the by examination of the standarised effect sizes for Model 1
(speech-in-noise and year-level) with the NAPLAN scores is shown in Fig 3. These results demonstrate the significant cor-
relations between NAPLAN literacy measures and speech-in-noise ability in the Grade 3 cohort. No such correlation was
seen in the Grade 5 cohorts. No correlation was observed in either year for numeracy performance.

Table 2. Model 1 of variables explaining NAPLAN outcomes, reporting standarised effect sizes, the 95% Cl of the standardised effect size (in
parentheses), and significance levels for the main effects, as well as their interactions with year level. Asterisks indicate statistically significant
effects at different p-value thresholds (*p<0.05, **p<0.01, ***p<0.001).

Effect Reading Grammar/ Writing Spelling Numeracy
punctuation
Year level 0.553 (Cl: 0.039 to 0.527 (CI: 0.008 to 1.209 (Cl: 0.683 to 1.125 (Cl: 0.607 to 0.878 (Cl: 0.375 to

1.066; p=0.013%)

1.046; p=0.018%)

1.736; p<0.001***)

1.642; p<0.001%***)

1.382; p<0.001**¥)

Speech in quiet

0.115 (Cl: -0.175
to 0.405; p=0.43)

0.028 (Cl: -0.243
to 0.299; p=0.84)

0.371 (CI: 0.099 to
0.642; p=0.0082**)

0.219 (Cl: -0.050
to 0.489; p=0.11)

0.010 (CI: -0.300
to 0.321; p=0.95)

Tone in noise

-0.046 (Cl: -0.362
to 0.270; p=0.77)

-0.145 (Cl: -0.440
to 0.150; p=0.33)

-0.087 (Cl: -0.374
to 0.199; p=0.54)

-0.156 (Cl: -0.449
to 0.138; p=0.29)

-0.023 (Cl: -0.355
to 0.308; p=0.89)

Speech in -0.108 (Cl: -0.390 -0.106 (Cl: -0.369 -0.233 (Cl: -0.494 -0.123 (Cl: -0.385 0.048 (Cl: -0.254
noise to 0.173; p=0.45) to 0.157; p=0.43) to 0.028; p=0.079) to 0.139; p=0.35) to 0.350; p=0.75)
Year level * 0.066 (Cl: -0.357 0.226 (Cl: -0.170 -0.230 (Cl: -0.631 -0.069 (Cl: -0.464 -0.177 (Cl: -0.619

speech in quiet

to 0.489; p=0.76)

to 0.623; p=0.26)

to 0.172; p=0.26)

to 0.325; p=0.73)

to 0.266; p=0.43)

Year level *
tone in noise

0.006 (Cl: —0.403
to 0.414; p=0.98)

-0.124 (Cl: -0.507
to 0.258; p=0.52)

-0.091 (Cl: -0.472
to 0.289; p=0.63)

0.023 (Cl: —0.358
to 0.403; p=0.91)

-0.069 (Cl: -0.494
to 0.355; p=0.75)

Year level *
speech in noise

0.483 (Cl: 0.072 to
0.895; p=0.022%)

0.614 (CI: 0.230 to
0.999; p=0.0021%%)

0.490 (CI: 0.092 to
0.889; p=0.017%)

0.367 (Cl: -0.016
to 0.750; p=0.06)

0.209 (CI: -0.225
to 0.642; p=0.34)

https://doi.org/10.1371/journal.pone.0324998.t002
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Fig 3. Scatterplots of Speech-in-noise scores for each year level (in panels) with A. Reading B. Writing C. Spelling D. Grammar & Punctuation
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https://doi.org/10.1371/journal.pone.0324998.9003
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The results of model 1 suggest that speech-in-noise perception showed the most consistent interactions with year level,
when predicting NAPLAN performance across domains. The speech-in-noise Sound Scouts measure is also most rep-
resentative of students’ classroom listening environment. To focus on this effect, model 2 was created to investigate the
impact of speech in noise ability, and the interaction of speech and noise and year level on NAPLAN outcomes, without
the effects of speech-in-quiet and tone-in-noise results. Model 2 (Table 3) demonstrates that speech perception in noise
ability showed effects for reading, grammar/punctuation, writing and spelling, however all of these relationships differed
by year level. The sign of these effects was consistent with the correlation analysis as shown in Fig 3. In contrast to the
relationship between speech-in-noise performance and literacy outcomes, speech-in-noise ability, nor its interaction with
year level were significant predictors of numeracy scores.

Discussion

The results of this study showed an association between children’s ability to follow speech in noise and literacy perfor-
mance. Importantly, this result was only seen in the younger (Grade 3) cohort, highlighting a changing relationship over
time across age and development. The identified association was also not evident in the numeracy domain across either
year level. The association between younger children’s speech-in noise and literacy performance aligns with previous
results showing that children with speech-in noise difficulties are more impacted by noisier classrooms when measuring
reading development [19]. The correlation between speech in noise ability and literacy in younger children, but not numer-
acy development also suggests that the association between speech in noise ability and literacy development is more
complex than solely a disruption of information transfer.

Linking speech-in-noise perception to academic development

There are many possible factors that may contribute to the link between literacy and speech-in-noise performance in
younger children including auditory, cognitive and linguistic factors. Given an association was only observed between
speech-in-noise and literacy performance, and not numeracy performance, and the relationship was only seen in younger
children, this may give insight into the possible mechanism driving the association. Children with a hearing loss have been
shown to have poorer speech-in-noise ability than normally hearing children [34,35]. It is however expected that rates of
hearing impairment would be similar between Grade 3 and Grade 5 students, and only a very small number of children in
the present study received a fail result on the speech-in-quiet Sound Scouts measure, aimed at identifying children with
any hearing loss [29]. Given the identified change in relationship between speech-in-noise and academic performance over
time, with an association only identified in younger children, it is unlikely that this can be explained by hearing changes.
Cognitive factors, including working memory, attention and executive functions can all impact children’s performance
on measures of speech-in-noise recognition [36—38]. While development of cognitive factors throughout childhood may

Table 3. Model 2, final model of variables explaining NAPLAN outcomes. As with Table 2, this is reported in terms of standarised effect sizes, the
corresponding Cl, and significance levels for predictor variables. The standarised slope for Grade 3 is obtained by adding the “Speech in noise” and
“Year level * speech in noise” coefficients, while the corresponding slope for Grade 5 can be read directly from the “Speech in noise” row. Asterisks indi-
cate statistically significant effects at different p-value thresholds (*p<0.05, **p<0.01, ***p<0.001).

Effect Reading Grammar/ Writing Spelling Numeracy
punctuation

Year level 0.509 (CI: 0.007 to 0.473 (Cl: -0.030 1.099 (Cl: 0.585 to 1.065 (Cl: 0.560 to 0.927 (Cl: 0.433 to
1.010; p=0.019%) to 0.976; p=0.03*) 1.613; p<0.001***) 1.570; p<0.001***) 1.422; p<0.001***)

Speech in -0.090 (Cl: -0.163 (Cl: -0.398 -0.131 (Cl: -0.367 -0.098 (Cl: -0.329 0.053 (Cl: -0.202

noise -0.333 t0 0.153; to 0.072; p=0.17) to 0.104; p=0.27) to 0.132; p=0.4) to 0.308; p=0.68)
p=0.46)

Year level * 0.543 (CI: 0.190 to 0.721 (Cl: 0.380 to 0.395 (CI: 0.045 to 0.378 (Cl: 0.043 to 0.093 (CI: -0.277

speech in noise 0.897; p=0.003**) 1.062; p<0.001#***) 0.745; p=0.027%) 0.712; p=0.027%) to 0.462; p=0.62)

https://doi.org/10.1371/journal.pone.0324998.t003
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explain some of the identified relationship between speech-in-noise and academic performance in younger children, the
influence of cognitive factors would be expected to impact both numeracy and literacy performance. Given the identified
association was only present for literacy and not numeracy measures, we therefore postulate that other mechanisms are
likely driving the link between literacy performance and speech-in-noise ability in younger children identified in the present
study.

Language ability also influences speech-in-noise recognition ability in children, particularly for complex stimuli [37,38].
There are three phonological processes associated with the development of knowledge of the sounds of language and
written language: phonological awareness, phonological memory, and phonological recoding [39]. Phonological aware-
ness is the ability to identify and manipulate sounds (e.g., the ability to replace the phoneme ‘c’ in the world ‘cat’ with the
phoneme ‘m’). Phonological memory refers to the ability to store sound information in the short-term memory (e.g., the
ability to repeat strings of phoneme information). Phonological recoding is the ability to retrieve phoneme information from
the long-term memory. For children with typical hearing each process is understood as a predictor of literacy ability, with
phonological awareness and phonological recoding (and less so phonological memory) linked to spelling ability [40]. While
there are likely multiple factors contributing to the identified link between literacy and speech-in-noise performance in
younger children, a proposed contribution is through their relationship to the development of phonological processing.

Phonological awareness, speech-in-noise perception and literacy development

The potential link between lower proficiency in speech-in-noise perception and assessed literacy skills in Grade 3 students
may stem from a disruption in a student’s early development of phonological awareness (PA). Phonological awareness
specifically as a predictor of literacy ability is widely discussed and acknowledged as a critical component for early literacy
development, necessitating the integration of speech, language, and auditory processing [41—43]. PAis described as the
capacity to identify and manipulate sounds in spoken language without relying on written text [44,45] and encompasses
larger elements such as syllables, onsets and rhymes, and smaller phonemes [46]. Research has indicated that ampli-
tude rise time and frequency discrimination of speech sounds impact PA development in younger readers [47]. Younger
readers with higher levels of PA consistently demonstrate higher performance on text-based assessments of reading and
spelling [48].

The strong correlation between speech-in-noise and text-based reading achievement found in our data supports the
suggestion that speech-in-noise may correlate to PA, and PA correlates to word-level reading ability. This is supported by
the work of Boets and colleagues [49] who concluded that whilst there is an overrepresentation of speech-in-noise deficits
in children with literacy delays, this is not a causal relationship, but a result of the influence of PA in both tasks. In contrast,
Vandewalle and Boets [50] found an association between speech perception ability and literacy performance beyond pho-
nological processing skills. Despite the significant association between speech-in-noise performance and literacy skills,
they explain only a small amount of the variance in literacy outcomes. Additional factors this research has not explored,
such as language and vocabulary, working memory or attention ability may be influencing the association between
speech-in-noise and literacy performance.

Our data shows no correlation between speech-in-noise perception and numeracy. This finding follows the limited
evidence base relating speech-in-noise perception deficits [51]or PA deficits [52] to decreased numeracy performance. In
both cases, speech-in-noise and PA deficits may affect basic skills of computational fluency and rapid naming (particularly
when questions are presented verbally) with no clear relationship for more complex areas [53]. Furthermore, any signif-
icant correlation between PA and mathematics tends to occur in the earliest years of schooling, when tasks are typically
focused on counting and number identification [52]. One study of NAPLAN Numeracy achievement of government school
students in Victoria showed that reading comprehension had a mediating effect only on problem-solving ability and not
mathematics achievement [54]. Given that speech-in-noise perception has a significant predictive relationship with PA,
the lack of association between lower speech-in-noise perception and mathematics performance in this study may be
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explained by lower reading demands of NAPLAN Numeracy questions [55]. Further research is needed to better under-
stand the relationship between speech-in-noise perception and tested numeracy performance.

Effect only seen in younger children

Although there was a lack of a main effect of speech-in-noise on academic performance, when the interaction of year
level was included in the mixed effects model, highly significant associations were observed. The lack of association
between speech-in-noise perception and tested reading ability in the Grade 5 cohort, compared to the significant asso-
ciation seen in the Grade 3 cohort, raises questions about speech-in-noise and PA relationships over time. Heidari et

al. [56] suggest that speech-in-noise perception improves linearly over time regardless of starting ability, and this trend
remains for PA, where PA skills measured in the early years strongly correlate to PA skills at 17-years [57]. One study
discusses the trajectory of phonological awareness between Grade 3 and 5 in students with existing reading and/or
spelling learning difficulties [58]. The authors identified a persistent deficit in phonological awareness throughout the
primary years. Speech perception in noise ability is underpinned by linguistic, auditory processing and cognitive factors
[59] and may follow a different developmental trajectory to PA. The ability of children to rapidly access stored phonological
knowledge to reconstruct degraded or masked speech is weaker compared to the adult listener and similarly the bank of
stored representations of whole words is far smaller in children [25]. Adults are also better able to utilise contextual cues
when reconstructing noise-obscured words within a sentence [60]. Cognitive factors such as attention are also asso-
ciated with speech-in-noise ability and demonstrated to develop through childhood [61]. The most significant period of
development occurs between 8 and 9 years of age [62], as demonstrated by Rebok et al. [63] in a longitudinal study. The
authors showed significant changes in sustained attention ability occurred between 8 and 10 years of age, with only minor
improvements beyond 10 years of age. As children age and speech-in-noise ability matures, the contribution, interaction
between, and reliance on linguistic, cognitive and auditory factors will alter, whilst the trajectory of PA remains linear. This
aligns with a reduced association between speech-in-noise and literacy ability in older cohorts.

Implications — noise, screening, and intervention

Given the relationship between speech-in-noise recognition ability and literacy performance was identified only in the
younger children in this study, further research should investigate whether this trend continues for younger children than
those included in this research. Further research to explore the predictive value of determining speech-in-noise ability in
younger children may help identify those at risk of developing reading and literacy delays. Assessing pre-school children
would enable the introduction of not only early intervention strategies but may also indicate the appropriate teaching strat-
egy for the individual. Seminal work from Castles and Rastle [64] has argued that a capacity for rapid abstraction of pho-
nemic units and alphabetic decoding are necessary for successful early reading development. However, they also note a
general resistance to explicit instruction in these areas due to a lack of theoretical knowledge of how these skills emerge
and conflicting beliefs regarding instruction for their development. While current approaches to screening for PA deficits
may provide some locus for increased focus on effective remediation approaches, screening for PA and decoding alone
does not provide adequate insight into the underlying mechanism for the individuals’ learning delay. Successful training
interventions for speech-in-noise ability deficits have also been shown [65], raising the question as to whether targeted
remediation for speech-in-noise is targeting the PA component of listening and, if so, whether this training also transfers
to improved literacy learning. While screening tools to flag speech-in-noise deficits exist (e.g., Sound Scouts), these are
not routinely applied at school entry, suggesting we are missing a key opportunity for early identification of children at risk
of developing a literacy deficit. Future research should also consider longitudinal studies to follow these associations in
larger cohorts from a wider range of backgrounds spanning national educational programs. Consideration of long-term
noise levels in classrooms and interactions of development of both literacy and listening in noise skills across time will
also provide further insight.
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Conclusions

A significant interaction between speech-in-noise ability and literacy academic achievement was found, however
this result was only seen in the younger cohort. This does not imply that literacy delays have resolved in older
year levels. There is no significant difference seen between the variance of the NAPLAN results in each year level,
indicating that the same proportion of children are evident in both cohorts who perform well below their peers.
Whilst there are similar underlying processes involved in how children develop literacy skills and manage speech-
in-noise, as children become older different factors such as stored knowledge, lived experience and cognitive

skills will also start to influence performance on both reading and listening tasks. These factors, combined with

the different developmental trajectories of the various underlying skills that contribute to literacy development and
speech-in-noise recognition, results in the association between the two skills no longer being evident. Furthermore,
the lack of any association between numeracy achievements and listening skills provides additional insight into the
processes and skills required for literacy, numeracy and speech-in-noise recognition. In particular, the absence of
association between numeracy and listening skills may support the important role phonological awareness plays in
the development of listening ability. The present study highlights that the skills required to navigate noisy listening
environments represent a significant impact on not only learning, but the ability of students to manage classroom
listening environments. The impact of these skills on learning have implications for school screening initiatives, tar-
geted teaching methodologies, and the importance of interventions aimed at improving the learning setting for every
student.
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