www.nature.com/scientificreports

scientific reports

W) Check for updates

Rhythm but not melody processing
helps reading via phonological
awareness and phonological
memory

José Sousa’3, Marta Martins“23, Nathércia Torres', Sao Luis Castro**** & Susana Silva®***

Despite abundant evidence that music skills relate to enhanced reading performance, the mechanisms
subtending this relation are still under discussion. The Temporal Sampling Framework (TSF) provides
a well-defined explanation for the music-reading link: musical rhythm perception would relate to
reading because it helps to encode speech units, which, in turn, is fundamental to reading. However,
in spite of this clear mediation-based prediction (effect of music skills mediated by the encoding of
speech units), the tests made to it so far remain inconclusive, either due to the use of hybrid measures
(rhythm perception and production, musical and non-musical rhythm) or to underspecified mediation
results (unclear presence of partial mediation). In the present study, we addressed these potential
weaknesses of previous studies and investigated whether phonological memory and phonological
awareness (proxies of speech encoding abilities) mediate the effects of rhythm perception abilities on
reading in late first-graders. To test for the specificity of musical rhythm in this relation, we examined
the same hypothesis for melody perception. Results showed full mediation for effects of musical
rhythm perception, while melody perception did not even relate to reading. Our findings support the
predictions embedded in the TSF and highlight the potential of rhythm-based interventions in early
stimulation.

The relation between music skills and reading has been a topic of interest in the last decades'™, but the path that
leads from music to reading remains undetermined. Music and language share many characteristics and require
similar processes®”’, but one question that remains open is which music-related processes—e.g., pitch (related
to melody), timbre, or rhythm perception—may be important to reading, and another is why it might be so.
Goswami®® proposed a unifying theory of dyslexia potentially extending to Developmental Language Disorder
(DLD)—the Temporal Sampling Framework (TSF)—which incorporates an answer to these two questions:
among music skills, rhythm perception would be crucial to reading, and rhythm perception would be important
because it would allow effective encoding of speech units.

Temporal encoding is an important aspect of information encoding in the brain'®, and temporal encoding via
the synchronous activity of oscillating networks of neurons at different frequency bands (e.g., delta, 1.5-4 Hz;
theta, 4-10 Hz and gamma, 30-80 Hz) is crucial in the perceptual processing of both rhythm'! (mostly delta
and theta) and speech!'?™!* (all frequency bands). TSF postulates that rhythm perception relates to reading via
effective temporal encoding of speech units at several levels: stress units (delta frequencies), syllables (theta), and
phonemes (gamma). Effective encoding of speech units (at all levels) is a precondition of phonological aware-
ness—the ability to reflect upon and segment the sound structure of spoken words and syllables'>!*—which
is a known predictor of reading'’. Phonological awareness appears to develop hierarchically and, most likely,
based on sensory information from the speech signal. Research results reveal that human infants show syllabic
sensitivity'®, using rhythmic cues to segment syllables and words from the acoustic signal to build a lexicon of
spoken wordforms. Preliterate children and illiterate adults across languages are aware of phonological units at
relatively large grain sizes (stressed syllables, syllables, and rhymes), and, as the brain learns to read in alphabetic
orthographies, phonological awareness evolves into a more discrete representation of speech sounds—phoneme
awareness’. Effective encoding of speech units is also a precondition of phonological memory, in that the accurate
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retention of speech units depends on encoding accuracy. Phonological memory is also a well-known precursor
of reading'®%.

TSF predicts that rhythm perception is the most important music skill when it comes to predicting reading
because the effective encoding of speech units (leading to effective phonological awareness and phonological
memory) is supposed to depend on the frequency-tracking activity that subtends rhythm perception more than
on any other type of music-related activity. This TSF-based link between music and reading contrasts with views
that prioritize the relation between pitch perception and the encoding of speech units. For instance, it has been
suggested that frequency-processing abilities, which subtend pitch perception, may be necessary to discrimi-
nate between the spectra that characterize different phonemes?"?2. It has also been claimed that the detection of
prosody-related pitch changes is important for establishing stress location and, thus, for segmenting the speech
stream into units®. Therefore, a critical test of the TSF-based link between music and reading engages two com-
ponents: (1) showing that rhythm is more important than pitch to predict reading and reading-related skills such
as phonological awareness or phonological memory; and (2) demonstrating that the relation between rhythm
and reading is substantiated by a mediation mechanism**** with phonological awareness and/or phonological
memory as mediators.

Mediation occurs when the effect of an independent variable (e.g., rhythm perception) is transmitted to the
dependent variable (e.g., reading) through one or more intervening variables (e.g., phonological awareness and
phonological memory). It implies that the relation between independent and dependent variables diminishes or
even disappears when mediators are considered. If the TSF-based link between music and reading is valid, we
would expect that: (1) rhythm, more than pitch perception predicts reading (total effect); (2) rthythm predicts
phonological awareness and phonological memory (3) which, in turn, predict reading (2 and 3 define an indirect
effect); (4) when phonological awareness/phonological memory are incorporated as mediators in a mediation
model, thythm perception loses predictive power (the resulting direct effect of rhythm on reading decreases
compared to its total effect). To our knowledge, the full critical test of the TSF-based link between music and
reading has not yet been done, even though TSF-compatible results have been found, including (1) evidence of a
close relation between reading and rhythmic skills, (2) evidence that rhythm perception relates to phonological
awareness and that (3) phonological awareness predicts reading.

Evidence for the central role of rhythm processing in reading (1) seems reliable despite some contradictory
findings. Douglas and Willatts?® showed that rhythm, but not pitch discrimination, was significantly related to
reading ability, and several recent studies strengthened the rhythm-reading link*’-?. However, in an older study
Barwick et al.** had found that melodic (pitch) discrimination was related to reading, but rhythmic discrimina-
tion was not; Anvari et al.*! and Moritz et al.** found that rhythm discrimination was not related to reading in
second-grade students; and Swaminathan et al.** found no relation at all between music-perception skills and
reading. The privileged relation between rhythm perception and phonological awareness (2) has been empiri-
cally supported, even though evidence is mixed. On the one hand, some studies indicate that rhythm abilities
are not more closely related to phonological awareness than melodic ones: Sun et al.* found that melodic, but
not rhythm, discrimination relates to phonological awareness in amusic adults, and some studies pointed to the
relation of both melodic and rhythm discrimination with phonological awareness®*. Other studies had mixed
results at different moments of assessment!. For example, Moritz et al.*? found no relation between rhythm dis-
crimination and phonological awareness in kindergarteners, but this association became positive in the second
grade. On the other hand, a considerable number of studies supports a positive relationship between rhythm
discrimination and phonological awareness, thus strengthening the TSF claims at this level'®?%23¢ Moreover,
findings on the positive association between phonological awareness and reading (3) are quite consistent®*,
and phonological awareness seems to be a major predictor of success in reading acquisition'”*.

Few studies tapped into the critical test of the TSF-based link between music and reading, which implies a
(4) mediation analysis. Ozernov-Palchik et al.!® found that the association between musical rhythm perception
and letter-sound knowledge was mediated by phonological awareness, but, as they were investigating kinder-
garteners, they used a precursor of reading (letter-sound knowledge) as the dependent variable. A recent study*®
examined the hypothesis that phonological skills mediate the relation between rhythm and literacy development
in third graders. Some mediation requirements were fulfilled in that both rhythm and phonological awareness
predicted literacy development, but the association between rhythm skills and phonological awareness was non-
significant in the mediation test. The authors suggested this might have been due to their choice of a rhythm
production task, which could be less related to phonological skills than rhythm perception. Some other studies
seem to speak against mediation, but conclusions remain unclear. For instance, Holliman et al.?® came close to
the critical test by showing that rhythm processing keeps predicting reading after controlling for phonological
awareness (no full mediation). However, their rhythm processing variable was hybrid because it combined speech
and non-speech (musical) rhythm, as well as rhythm perception and production. In addition, their presentation
of results does not clarify whether partial mediation occurred, i.e., if rhythm discrimination effects on reading
diminished when phonological awareness was added to the regression. In a similar vein, Huss et al.”” found that
rhythm discrimination still predicts reading after controlling for reading predictors (phonological awareness
and working memory). Nevertheless, the effect size of the relation between rhythm discrimination and reading
diminished when reading predictors were added to the regression, suggesting partial mediation.

Despite suggestions that TSF might offer a valid explanation for the relation between music skills and reading,
further critical evidence is needed. On the one hand, results concerning the relative impact of rhythm vs. pitch
perception on reading and phonological awareness are mixed and, according to TSE, rhythm perception should
have a more prominent role. On the other hand—and critically—direct tests of the mediation mechanism implied
in TSF either target non-pure variables such as rhythm production instead of perception, speech and musical
rhythm instead of musical rhythm alone, reading precursors instead of reading, or show inconclusive results.
To address these problems, in the present study we tested whether musical (non-speech) rhythm and melodic
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Task Mean (SD) Range Skewness | Kurtosis
RCPM (standard scores) 110.08 (16.25) | 84.74-135.62 0.12 -1.41
Rhythm Discrimination (proportion of correct responses) .62 (.14) .35-1.00 0.51 0.12
Rhythm Discrimination (d’ scores) 0.71 (0.84) -0.78-3.29 -0.80 0.73
Melodic Discrimination (proportion of correct responses) .60 (.10) .35-.80 -0.28 —-0.00
Melodic Discrimination (d’ scores) 0.63 (0.63) —1.03-1.90 -0.32 -0.20
Words Correct per Minute Index 26.50 (26.69) | 0-91.79 0.97 -0.29
High-frequency Word Reading (items/min) 17.74 (17.68) 0-73.80 1.17 0.68
Low-frequency Word Reading (items/min) 13.69 (12.37) 0-49.80 1.04 0.43
Pseudoword Reading (items/min) 15.96 (13.07) 0-52.20 0.59 -0.60
Working Memory Syllables Forward (recalled sequences, max=13) 2.49 (1.20) 0-5 0.34 -0.33
Working Memory Syllables Backward (recalled sequences, max =13) 1.48 (0.80) 0-3 0.24 -0,38
Epilinguistic Phonological Awareness (correct items, max = 40) 28.18 (5.80) 17-38 —-0.09 -1.11
Metalinguistic Phonological Awareness (correct items, max =24) 10.84 (5.80) 0-24 0.43 -0.52

Table 1. Children’s cognitive ability and performance in rhythmic and melodic discrimination, reading, and
speech-related tasks. N=74 for all analyses, except for syllable working memory (forward and backward)
where n=73 due to a missing value. RCPM Raven’s Coloured Progressive Matrices.

perception impact reading skills in children finishing their first year of school and, if so, whether the influence
of rhythm perception is mediated by phonological awareness and/or phonological memory. Although the medi-
ating role of phonological memory has not been highlighted in the literature as much as that of phonological
awareness, both depend on effective encoding of speech units, and both relate to reading. For this reason, we
implemented a parallel mediation model**, where both phonological awareness and phonological memory—the
latter implemented as working memory for syllables—were incorporated as mediators.

Results

Table 1 shows children’s results in cognitive ability, melodic and rhythmic discrimination (accuracy and d’scores),
reading, phonological awareness, and working memory for syllables (forward and backward). Average scores
in auditory discrimination were 0.62 for rhythm (SD =0.14, range =0.35—1.00) and 0.60 for melody (SD =0.10,
range = 0.35-0.80). Performance was above chance level (0.50) in both tasks, p,<0.001, BF,,>100, and there
was no substantial departure from normality (skewness, range = —0.28—0.51; kurtosis, range = —0.00-0.12)*.
Performance level did not differ between the two tasks, F(1, 73) =2.29, p=0.14, #2=0.03; BF,;=0.51. A further
analysis was conducted using d’ scores and the results were similar, F(1,73)=0.82, p=0.37, n2=0.01; BF,;=0.25.
Additionally, we examined C scores in both tasks: average C was 0.67 (SD =0.59) for melody and 0.17 (SD =0.57)
for rhythm. These values indicated a preference for same responses (a conservative criterion). Indeed, inspection
of accuracy separately for same and different pairs revealed higher scores for same than different trials in melodic
(0.81 vs. 0.38, SD=0.21) and rhythmic (0.67 vs. 0.56, SD =0.23) discrimination. Finally, d’ and c scores differed
significantly from zero in rhythm (4% #(73) =7.30, p <0.001; c: £(73) =2.63, p=0.01) and melodic (d": #(73) =8.54,
p<0.001; c: £(73) =9.74, p <0.001) tasks. We used d’ scores in further analyses.

Extraction of reading ability factors. Because we had four reading tasks (i.e., words correct per minute
index, high- and low-frequency word reading, and pseudoword reading) that were correlated (see Supplemen-
tary Table S1), we asked whether a small set of aggregate factors could be estimated and used as indices of latent
constructs. For that purpose, we conducted an exploratory factor analysis (promax rotation). Cattell’s scree plot
was used to determine the adequate number of factors, and one was selected. The Kaiser-Meyer—Olkin measure
of sampling adequacy was 0.87, and Bartlett’s test of sphericity was significant, y2(6)=403.44, p<0.001. One
factor explaining 89% of the total variance was extracted. It explained 80, 95, 93, and 89% of the variance of the
words correct per minute index, high-frequency word reading, low-frequency word reading, and pseudoword
reading, respectively. This factor was interpreted as reading ability and used in subsequent analysis.

Sociodemographic and cognitive correlates. We examined how the main study variables—rhythm
and melodic discrimination, reading ability, syllable working memory (forward and backward), and epi- and
metalinguistic phonological awareness—related to age, sex, socioeconomic status, and cognitive ability (Table 2).
Socioeconomic status is known to influence reading®. Cognitive ability is related to both reading®® and rhythm
abilities™. Age influences rhythm ability’! and its relation with reading is trivial. None of the target variables
correlated with sociodemographic and cognitive factors, with two exceptions: cognitive ability correlated with
working memory for syllables (forward), r=0.31, p=0.01, CI 95% [0.09, 0.50], and with epilinguistic phonologi-
cal awareness, r=0.30, p=0.01, CI 95% [0.08, 0.50]; both correlations were supported by substantial Bayesian
evidence, BF,,=4.76 and BF,,=4.36, respectively. Thus, cognitive ability was included as a covariate of no-inter-
est in subsequent analyses.
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Socioeconomic | Cognitive

Age (years) Sex status ability

np BF, |tp BF, |tp BF,, |rp BF,,
Rhythm Discrimination -.05,.67 |0.16 |0.63,.53 0.29 [0.35,.73 |0.25 |.06,.62 |0.16
Melodic Discrimination .03, .81 0.15 1.25,.22 0.47 [0.36,.72 |0.25 |.04,.73 |0.15
Reading Ability -.09,.45 [0.19 |-.64,.52 029 |1.44,.16 |058 |.12,.30 |0.25
Working Memory Syllables Forward 17,14 1042 | -93,36 |035 |-.82,.41 |032 |.31,.01 |476
Working Memory Syllables Backward .06, .63 0.16 | —.04,.97 0.24 |.67,.50 0.29 |[.23,.05 |091
Epilinguistic Phonological Awareness .10, .39 0.21 | -1.65,.10 | 0.78 |.85,.40 0.33 |.30,.01 |4.36
Metalinguistic Phonological Awareness | .05, .67 0.16 |-.37,.71 026 |1.93,.06 |1.18 |.09,.47 |0.19

Table 2. Pearson correlations and independent sample t-tests between the main study variables—rhythm

and melodic discrimination, reading ability, syllable working memory (forward and backward), and epi- and
metalinguistic phonological awareness—and age, sex, socioeconomic status, and cognitive ability. N=74 for all
analyses, except for those involving Working Memory of Syllables, where n="73 due to a missing value. Degrees
of freedom (df) are equal to 72 for all independent sample t-tests, except for those involving Working Memory
of Syllables, where df=71 due to a missing value. Bold numbers indicate significant results.
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Table 3. Pearson correlations between rhythm discrimination, melody discrimination, reading ability,
working memory for syllables (forward and backward), and epi- and metalinguistic phonological awareness,
after removing the effects of cognitive ability (partial correlations). N=74 for all analyses, except for those
involving Working Memory of Syllables, where n="73 due to a missing value. BF, values are indicated in
italics. *p <.05; **p <.01; ***p<.001.

Correlations between the main variables. Correlations between rhythm discrimination, melodic
discrimination, reading ability, working memory for syllables (forward and backward), and epilinguistic and
metalinguistic phonological awareness are presented in Table 3 and Supplementary Fig. S1. Cognitive ability
was included as a covariate of no-interest in all the correlations. Higher scores in rhythm discrimination were
associated with better reading ability, working memory for syllables forward, epilinguistic phonological aware-
ness, and metalinguistic phonological awareness. These correlations were supported by substantial evidence. No
significant correlations were found between rhythm discrimination and working memory for syllables back-
ward, but the evidence in favour of the null hypothesis was weak. We ran additional analyses testing the cor-
relation between rhythm discrimination and each of the reading measures (i.e., words correct per minute index,
high- and low-frequency word reading, and pseudoword reading). These analyses are presented in Supplemen-
tary Table S2. Melodic discrimination was not significantly correlated with reading ability, nor with working
memory for syllables forward or metalinguistic phonological awareness; for these correlations, the evidence in
favour of the null hypothesis was weak. It correlated positively with working memory for syllables backward,
with substantial evidence supporting this association, and with epilinguistic phonological awareness, but the evi-
dence supporting this association was weak. Reading ability was positively associated with working memory for
syllables forward and backward, epilinguistic phonological awareness, and metalinguistic phonological aware-
ness; decisive Bayesian evidence supported these relationships. Working memory and phonological awareness
measures also correlated with each other, decisive Bayesian evidence supporting these correlations.

Given the lack of correlation between melodic discrimination (predictor) and reading ability (outcome), we
did not move on with mediation tests for melodic discrimination. Rhythm discrimination (predictor) fulfilled
the requirement of correlating with reading ability (outcome). It also correlated with three out of four media-
tors, namely working memory for syllables forward, epilinguistic phonological awareness, and metalinguis-
tic phonological awareness (not with working memory for syllables backward). Therefore, we moved on with

Scientific Reports |

(2022) 12:13224 | https://doi.org/10.1038/s41598-022-15596-7 nature portfolio



www.nature.com/scientificreports/

Working
Memory Syllables - forward

Rhythm -0.01 (C1 95%: -0.24, 0.22) Reading
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Total effect: 0.33 (Cl 95%: 0.06, 0.60) —
Total indirect effect: 0.34 (Cl 95%: 0.15, 0.52) /’66
e 0

Epilinguistic Phonological
Awareness

Metalinguistic Phonological
Awareness

Figure 1. Parallel mediation model (N =73) depicting the mediation effect of working memory of syllables
forward, epilinguistic phonological awareness, and metalinguistic phonological awareness on the association
between rhythm discrimination and reading ability. The model was controlled for cognitive ability. Effects
were considered significant when the Cls did not include 0. Inference was based on percentile bootstrap 95%
confidence intervals (ClIs) with 20,000 samples.

a mediation model that included rhythm discrimination as a predictor, three mediators, and reading ability as
outcome.

Mediation tests. To evaluate whether and to which extent the association between rhythm discrimination
and reading ability was mediated by working memory for syllables forward, epilinguistic phonological aware-
ness, and metalinguistic phonological awareness, we conducted a parallel mediation model. Results based on
20,000 bootstrapped samples indicated that, controlling for cognitive ability, the total effect of rhythm discrimi-
nation on reading ability was significant (0.33, 95% CI: LL=0.06 to UL =0.60) but the direct effect was not (-0.01,
95% CI: LL=-0.24 to UL=0.22), and indirect effects were present (Fig. 1). Overall, the three mediators fully
mediated the relationship between rhythm discrimination and reading ability (Indirect effect ,eq1=0.34, 95%
CIL: LL=0.15 to UL=0.52) indicating that children with better rhythm discrimination were more likely to have
higher performance on syllable working memory forward, epilinguistic and metalinguistic phonological aware-
ness. Children with better performance on syllable working memory forward and on epilinguistic and metalin-
guistic phonological awareness were also more likely to have better reading ability. Two of these three mediators
contributed significantly to the overall indirect effect: working memory for syllables forward (0.11, 95% CI:
LL=0.01 to UL=0.23) and metalinguistic phonological awareness (0.18, 95% CI: LL=0.06 to UL=0.32). Epi-
linguistic phonological awareness did not mediate the relationship between rhythm discrimination and reading
ability (0.06, 95% CI: LL=-0.03 to UL=0.13). Indirect effects of syllable working memory forward and meta-
linguistic phonological awareness did not differ significantly (—0.08, 95% CI: LL = —0.24 to UL=0.09). The effect
size resulting from running this model was f*=1.38, which is above the minimal detectable effect for our sample
(i.e., f#=0.18 for four predictors).

For completeness, we repeated the above correlations and mediation analyses without controlling for cognitive
ability, and the results showed a similar pattern (see Supplementary Table S3 and S4, and Supplementary Fig. S2).

Discussion

Our goal was to test the predictions embedded in the Temporal Sampling Framework regarding the relation
between music and reading skills. We defined a TSF-based link between music and reading, according to which
rhythm, but not pitch, perception relates to reading, and the relation between rhythm perception and reading
would be mediated by phonological awareness and/or phonological memory. Support to the TSF-based link
would be revealed by the co-presence of a specific set of associations: first, musical rhythm perception—more
than melodic perception—relating to reading skills and to the outcomes of effective encoding of speech units
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(phonological awareness and/or phonological memory); second, phonological awareness and/or phonological
memory relating to reading; final, and critically, a mediation test should show that the relation between rhythm
perception and reading weakens or even vanishes when phonological awareness and/or phonological memory
are taken as a mediators. While previous studies included approximations to a mediation test of this sort, they
have either used non-pure measures of rhythm?**¢ and reading'®, or have presented unclear results regarding
the presence of mediation®. To address these gaps, we focused on the purest implementations of TSF relevant
variables—rhythm perception, excluding production, and reading ability, excluding reading precursors—and
quantified mediation through dedicated mediation tests. In addition, we implemented the concept of speech units
encoding in a broad, multifaceted approach, including not only the variable phonological awareness, which has
dominated research on this matter, but also memory for speech units (working memory for syllables).

Our results have supported the TSF-based predictions. (1) Rhythm, but not melody, perception correlated
with reading; (2) rhythm perception related to phonological awareness (epilinguistic and metalinguistic) and
syllable working memory forward, while melody perception only related to syllable working memory backward;
(3) phonological awareness and syllable working memory related to reading; (4) rhythm perception ceased to
predict reading when phonological awareness and syllable working memory forward were entered as mediators.
Mediation results indicate that, as proposed by TSF, rhythm perception as such is not key to reading. Instead,
what seems to be key to reading is the cognitive component of rhythm perception that is common to the effec-
tive encoding of speech units.

In the context of the current literature, our findings make additional contributions. They suggest that letter-
to-sound knowledge may be a proxy to reading, since Ozernov-Palchik et al.'® used letter-to-sound knowledge
instead of reading proper and also found evidence for mediation. In a different perspective, our results also
suggest that previous studies showing no evidence of mediation may have failed to do so either because they
included rhythm production**—which engages processes other than the ones akin to frequency-tracking, such
as motor processes—or combined musical (regular) rhythm with speech (irregular) rhythm?®. Finally, the rel-
evance of phonological memory as a mediator between rhythm perception and reading—untested so far, to our
knowledge—is consistent with the idea that the efficient encoding of speech units, allowing not only phonologi-
cal awareness, but also phonological memory, is a key foundation of reading. Nevertheless, we should keep in
mind that we did not measure encoding in a direct way, and we are just assuming that phonological awareness
and phonological memory reflect encoding.

Although generally consistent with the TSF-based link between music and reading, the mediation model
showed two deviations from our hypothesis. First, working memory backward (one component of phonological
memory) did not correlate with rhythm discrimination, unlike working memory forward (the other compo-
nent). One explanation for this might be that working memory backward engages levels of cognitive processing
that go beyond the requirements of rhythm discrimination, in the sense of engaging not only maintenance in
memory (common to rhythm processing), but also mental manipulation (not obvious in rhythm processing).
Interestingly, working memory backward correlated with melodic discrimination. This might indicate that mental
manipulation may be more important to melodic than rhythmic processing, and would be consistent with the
continuous comparisons between pitch values required by relative pitch processing (unlike rhythm, where a single
beat reference may be enough). Second, epilinguistic phonological awareness, though related with both rhythm
perception and reading, was not a significant mediator, contrasting with metalinguistic phonological awareness.
‘We have no obvious explanation for this, but it is worth mentioning that we ran separate mediation models before
running the parallel model, and epilinguistic phonological awareness was, then, a significant mediator (please
see Supplementary Fig. S3). Given that parallel mediation models were designed to accommodate correlations
between different mediators*, and correlations between the two types of phonological awareness were strong,
it is likely that the null contribution of epilinguistic phonological awareness as a mediator in the final model
reflects statistical compensations inherent to parallel mediation models.

Among the limitations of our study, we highlight the ambiguities that remain on causality issues: even though
we are testing a causal path with a statistical tool that stands on causal assumptions (mediation), the cross-
sectional design we used does not allow definite causal statements. For that, we would need longitudinal results.
Nevertheless, we should not forget that the relation between rhythm perception and reading is not quite bidi-
rectional, i.e., rhythm perception is less dependent on experience (instruction) than reading and, in this sense,
causality from rhythm to reading is more likely than causality from reading to rhythm. Another limitation
is that causality relations between phonological memory/phonological awareness and reading are likely bidi-
rectional, and we tested for one direction only. In a similar vein, it is likely that working memory for syllables
influences phonological awareness, even though it has been suggested that phonological memory (particularly
serial order memory) has an independent influence on reading development, over and above phonological
awareness?’. We chose a limited set of causality paths driven by theory, but we do not exclude the possibility that
more complex models may provide a more accurate picture of the relations between rhythm, reading precursors
and reading. Future studies could address this.

The idea that synchronizing brain oscillations to musical rhythm is equivalent to synchronizing brain oscil-
lations to speech units (the reason why musical rhythm perception relates to reading) is disputable: unlike
musical rhythm, the rhythm of speech is not isochronous—stress units, syllables, and phonemes have variable
durations. The anisochrony of speech is more evident in stress-timed languages, in which syllable length varies
substantially due to vocalic reduction, than in syllable-timed languages like French. European Portuguese com-
bines syllable-timing with stress-timing, and thus it is substantially exposed to anisochrony®2 So, the following
questions emerge. Could it be that isochrony is irrelevant, and either the brain synchronizes its oscillations in
a flexible manner such that they adjust to speech irregularities, or regular brain oscillations can “live with” the
irregularities of speech? Or is it rather that—as proposed by Ozernov-Palchik and Patel®—as a result of accu-
rately processing musical rhythm (an ability that engages prediction) one becomes a skilled predictor and this, in
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turn, helps sequential processing in speech regardless of timing? Or maybe there is another explanation for the
imperfect partnership between feeling the beat and sensing speech units. Future research could shed light on this.

Regarding the role of language-specific rhythm characteristics, it is important to note that an overgeneraliza-
tion of our findings—as any findings from a particular language—is not recommended. Even though we were
dealing with some anisochrony in speech, we worked with a language, European Portuguese, of an intermediate
rhythmic class that combines stressed-timed (e.g., vowel reduction) with syllable-timed characteristics (e.g., open
syllables). We may, thus, wonder whether the same pattern would emerge as isochrony decreases. In general, it
would be wise to interpret findings on the relation between rhythm, pitch and reading considering the charac-
teristics of the participants’ native language. Pitch plays a prominent role in tonal languages, where it changes
the meaning of a word, but it may also be relevant in non-tonal languages where the placement of pitch accents
may change a word’s meaning®.

Other follow-ups to our study could address developmental issues. We found evidence that phonological
awareness and phonological memory mediate the relation between musical rhythm and reading in beginning
readers. Ozernov-Palchik et al.' found a similar result with kindergarteners, though replacing reading with letter-
to-sound naming. However, null relations between rhythm and reading have been found for second graders®2.
Given that phonological awareness predicts reading less and less as schooling advances®®****, should we expect
that the mediation-based mechanism loses power throughout the school years? Also, given that the most salient
units of music rhythm tend to lie within delta and theta ranges (1000 ms to 100 ms wavelengths) correspond-
ing to stress and syllabic units, what happens when phonological awareness refines into the phoneme level and
starts focusing on the gamma band (33-12 ms wavelengths)—would musical rhythm still correlate with reading?
Furthermore, what happens in older children (around 9-10 years old), once they have achieved a certain level of
proficiency, and reading relies more and more on the lexical route? Research suggests that, at this stage, Rapid
Automatized Naming (RAN) becomes a better predictor of reading than phonological awareness®*~*°. Does this
weaken the relation between musical rhythm and reading?

These and many other exciting questions remain open. The practical suggestion of our study, together with
that of Ozernov-Palchik et al.’%, is that accurate perception of musical rhythm may foster early reading abilities
via phonological memory and phonological awareness. In this sense, rhythm training programs—be they part
of music classes or stand-alone programs—may be an important tool in early stimulation. Nevertheless, before
this can be implemented based on solid grounds, longitudinal studies are needed to test the mediation path we
propose here.

Methods

Participants. Seventy-four children participated in this study (mean age = 7.33 years, SD=0.35, range = 5.87-
7.88, 32 boys). They were all monolingual native speakers of European Portuguese and attended the first grade
at public schools from the Porto area (Northern Portugal). None of the children had known hearing, visual,
intellectual, or behavioural disorders. Regarding parental education, most of their parents had completed the
equivalent to middle school (mothers: 46%, fathers: 45%), some attended high school (mothers: 24%; fathers:
19%), and others higher education (mothers: 22%; fathers: 16%). A few attended only elementary school (moth-
ers: 7%; fathers: 9%) or did not give any information about their school level (mothers: 1%; fathers: 11%). The
socioeconomic status of the participants was evaluated based on information regarding support received from
the Portuguese social security system. In Portugal, school-aged children get financial aid for lunch, school mate-
rial and field trips according to their household income, making such an aid a proxy for socioeconomic status.
In our sample, 47% of the children benefited from this support, while 53% got none. Children were tested as part
of a wider project looking at music training and auditory processing in primary education. Written informed
consent was obtained from children’s parents or legal guardians, and children gave their verbal assent before data
collection started. The study was approved by the ethics committee of the Faculty of Psychology and Educational
Sciences at University of Porto (FPCEUP 2015.1.23) and the school boards, and it was conducted in agreement
with the Declaration of Helsinki and later amendments.

Measures. Raven’s Coloured Progressive Matrices®. The Raven’s Coloured Progressive Matrices (RCPM) test
measures general non-verbal cognitive ability. It is composed of three series of 12 items of increasing complex-
ity. The maximum score is 36 points. Raw scores were converted to standard scores (M =100, SD=15) based on
Simdes’s age norms for Portuguese children®'.

Melodic and Rhythm Discrimination®’. Melodic and rhythm discrimination tasks are part of the Music Apti-
tude Tests that were developed by Overy and colleagues® and later revised by Moore®’. We used this revised
version. Each task takes 10-15 min and consists of two practice and 20 test trials. Trials comprise a target melody/
rhythm and a comparison sequence, whose similarity children are asked to evaluate using a forced-choice proce-
dure (i.e., same-different paradigm). In each task, 10 test trials are identical and 10 different. Stimuli are presented
at a tempo of 100 beats per minute and increasing level of difficulty. Each trial is rated as correct or incorrect for a
total of 20 points per task. In the Melodic Discrimination test, each same/different item is composed of two tonal
melodies separated by a 3-s pause. The rhythm is isochronous, meaning that all sounds have the same duration.
In different items, a single note marks the difference between the two melodies (melodic change). The test starts
with three-note melodies and melodic differences of three semitones. The length of the melodies increases from
three to six notes and melodic changes diminish to one semitone as the difficulty increases, while preserving the
melodic up-down contour within each pair. The Rhythm Discrimination test comprises same/different items
with two rhythms also separated by a 3-s pause. It begins with short rhythms using no more than two different
durations (crotchets, quavers). The level of difficulty increases as rhythms get longer and include a larger variety
of durations (crotchets, quavers, dotted rhythms, triplets and rests). The rhythmic changes introduced in different
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pairs consist of substituting the rhythm of one beat by another rhythm with the same length (e.g., crotchet
replaced by two quavers). The raw score is the proportion of correct trials over total trials. We also calculated d’
scores (a sensitivity index) for each participant.

Working Memory for Syllables (3DM)**°. In the syllable working memory subtest from the Differential Diag-
nosis of Dyslexia Maastricht battery (3DM)®*, the task is to repeat, in forward and backward order, sequences
of syllables presented auditorily. One point is given for each correctly repeated sequence (max =13 points for
each order).

Epilinguistic and Metalinguistic Phonological Awareness (ALEPE)®. Phonological awareness was tested for
two linguistic units—syllable and rime (part-of-syllable, see below). Two different tasks of ALEPE (European
Portuguese Reading Assessment Battery)®® were used: a same-different task (Epilinguistic Phonological Aware-
ness—EPA) and a common unit task (Metalinguistic Phonological Awareness—MPA). In the same-different task,
the child has to judge whether a pair of words share a segment (e.g., for the syllable pairs rude—rumo — “Same’,
palco—forca— “Different”; for the rime pairs bolso—polpa — “Same’, sala—tinto — “Different”). In the common
unit task, the child is asked to say aloud the shared segment (e.g., for the syllable pair povo—poga — “po”; for
the rime pair fuga—lume — “u”). One point is awarded for each correct answer. Syllable and rime scores were
added in both subtests, up to a maximum of 40 points for EPA and 24 points for MPA.

Reading. Reading ability was assessed with the word and pseudoword reading subtests from the Differential
Diagnosis of Dyslexia Maastricht battery (3DM)**%°, and the Words Correct per Minute (WCPM) test®. The
3DM subtests provide measures of high- and low-frequency word reading and pseudoword reading. Words/
pseudowords are presented in columns, and the participant reads aloud as many items as possible within 30 s
(maximum score per subtest: 75 items). The raw score is the number of correctly read words/pseudowords in
30 s, which is then converted into rate per minute. The WCPM test consisted of a text from a children’s tale (“O
Tigre Que Veio Tomar Chd’, “The Tiger Who Came for Tea”*®) that the children were asked to read as quickly and
accurately as possible within a time limit of 1 min. The score was the number of words correctly read per minute.

Procedure. Before data collection, parents completed a questionnaire that asked for demographic informa-
tion and the child’s history of health issues. Information regarding support received from the social security
system was also collected, that is, whether the child had the right to free or price-reduced school meals (with
support) or if no such reduction was applicable (no support). Children were tested individually by two certified
psychologists in the last trimester of the school year. Testing sessions took place in a quiet room at the children’s
school.

Data analysis. Signal detection theory was applied to measure behavioural sensitivity (d) and response
bias (¢) in rhythm and melodic discrimination tasks. Extreme values of hits and false alarms (i.e., 0 and 1) were
replaced with 0.5/n and (n-0.5)/n, respectively, where n is the number of target or distractor trials®®; d’” and ¢
scores were calculated as follows: d’=z(hit rate)—z(false alarm rate), c= — [z(hit rate) + z(false alarm rate)]/2. Data
were statistically analysed using standard frequentist and Bayesian approaches”. For each analysis, a Bayes Fac-
tor (BF)y) was estimated; this factor considers the likelihood of the observed data given the alternative and null
hypotheses. Analyses were computed on JASP Version 0.14.1 (JASP Team, 2020) using default priors. BF,, values
were interpreted following Jeffreys’ guidelines’®”!, that is, values between 1—3 indicate weak/anecdotal evidence
for the alternative hypothesis, between 3—10 substantial evidence, between 10—30 strong evidence, between
30—100 very strong evidence, and over 100 decisive evidence. BF, values below 1 correspond to evidence in
favour of the null hypothesis: values below 0.33 to substantial evidence and below 0.10 to strong evidence.

We used Pearson correlations to inspect the association between the diverse study variables and, thus, evaluate
mediation requirements. Testing mediation requires that the independent variable (rhythm perception, melody
perception) correlates significantly with the dependent variable (reading), as well as with the mediator (phono-
logical awareness and phonological memory)®. Frequentist and Bayesian approaches were combined to better
inform our inferences on the tested relationships. While p-values only allow to accept/reject the null hypothesis,
the Bayes Factor informs whether evidence supports (or not) the null/alternative hypotheses. Mediation analysis
was computed using the PROCESS macro for SPSS (Version 3.5.3)7%, with statistical inferences based on percen-
tile bootstrap 95% confidence intervals (CIs) with 20,000 samples. Total, direct, and indirect (mediated) effects
were estimated and considered significant when the CIs did not include 0. As in this study we worked with an
existing dataset, we conducted a sensitivity power analysis to determine which effect size our sample size would
be sensitive enough to detect. We used G*Power (version 3.1.9.4)" to conduct the sensitivity power analysis;
the statistical test method used the F-test for multiple linear regression: fixed model, R* deviation from zero.
The analysis with a =0.05 and power =0.80 indicated that our sample was sufficiently large to detect a small to
medium effect (#=0.14 for two predictors to f2=0.19 for five predictors).

Data availability
The full data set can be found here: https://osf.io/hkdtn/?view_only=e79a126fc3e042cca82025194b6005a9.
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