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Abstract

Research has shown that language ability can vary enormously depending on variables
such as musical ability, musical training, and second and/or foreign language experience.
In this study, we simulated initial foreign language learning conditions in which learners
must recognize and match unfamiliar language input. We recruited 500 participants with
different levels of foreign language experience, different levels of musical training and dif-
ferent socio-economic backgrounds. Their auditory phonological pattern recognition ability,
short-term memory (STM) capacity, musical ability, musical self-estimation, educational
status, and socio-economic status (SES) were assessed. Both overall and group-specific
analyses were conducted to investigate the impact of these variables. For the group-specific
analysis, participants were assigned to four groups based on the presence or absence
of musical training and extensive foreign language experience. For the overall analysis,
regression models were applied to the entire sample to examine the combined effects of
all variables. Group-specific analyses revealed that both musical training and extensive
foreign language experience contributed to individual differences in the ability to recognize
phonological patterns in unintelligible auditory stimuli. A key finding was that musical
training appeared to have a stronger influence on auditory phonological pattern recognition
than extensive foreign language experience, particularly in the early stages of language
learning. This suggests that musical training may exert a greater impact on initial phonetic
acquisition processes than extensive foreign language proficiency, especially when the
language stimuli are relatively poor in linguistic content. The overall analysis revealed
that musical variables, short-term memory capacity, socioeconomic status, and educational
status all contributed to individual differences in auditory phonological pattern recognition.
Notably, the most significant finding of the overall analysis was the association between
SES and auditory phonological pattern recognition in unfamiliar speech—a result that
challenges the notion of aptitude measures as stable and environment-independent and
highlights the potential influence of environmental factors on this capacity.

Keywords: perception ability; musicality; musicians; foreign language experience; socio-
economic status; aptitude
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1. Introduction

Research on individual differences in foreign language acquisition has focused on mul-
tiple domains that explain individual differences in foreign language capacity at different
stages of learning, for example: specific learning styles/learning strategies (O’'Malley &
Chamot, 1990), age (Singleton & Lengyel, 1995), intelligence quotient (Robinson, 2019), per-
sonality factors (Dornyei, 2006), anxiety (Baran-Lucarz, 2016; M. G. Calvo & Eysenck, 1996;
Onwuegbuzie et al., 1999), attitudes (Gardner, 1990), motivation (Dornyei et al., 2015), inter-
est (Liu, 2022), socio-economic status (SES), bi- and multilingualism (Christiner et al., 2021;
Dewaele & Wei, 2012; Kaushanskaya & Marian, 2009; Korecky-Kroll et al., 2019; Singleton
& Lengyel, 1995; Wrembel, 2015), overlaps between music and language (Christiner, 2018;
Christiner et al., 2023, 2022a, 2022¢; Delogu & Zheng, 2020), language aptitude and ability
(Skehan, 2012, 2019; Wen, 2012; Wen et al., 2017; Wen & Skehan, 2011), short-term memory
(Coumel et al., 2023; Gathercole et al., 1997) and working memory ability (Archibald, 2017;
Baddeley, 2003; Kofler et al., 2020; Linck et al., 2013; Loosli et al., 2012). Therefore, indi-
vidual characteristics, affective factors, linguistic background, socio-economic status, and
cognitive abilities emerge as pivotal areas of focus in foreign language research, given their
significant impact on language acquisition and proficiency. Among these domains, age is
highlighted as a key variable influencing language capacity at different learning stages.

In general, it is accepted that age is a critical factor in the acquisition of foreign
languages, indicating that the younger the age additional languages are acquired, the better
the achievement will be (Johnson & Newport, 1989; Lenneberg, 1967). As a consequence,
foreign language learning becomes more difficult in older ages and affects particularly
phonetic ability, a result of a natural tendency and preference towards the mother tongue
(Christiner & Reiterer, 2013). Phonetic ability has also been proposed to be the sole capacity
ultimately subject to a critical period (Moyer, 2014). Pioneering research in the field
highlighted the rarity of adult non-native speakers achieving native-like foreign language
pronunciation (Selinker, 1972). Exceptional abilities such as foreign language aptitude
are domain-specific (Jorgensen, 2008) and usually found in the upper 10 percent of the
normal distribution (Gagné, 2008). From a developmental perspective, aptitude is seen as
the foundation upon which talent is built through practice. While some argue that high
talent is largely based on innate ability that manifests more easily in younger ages (Gagné,
2004, 2008), others challenge this notion, emphasizing the crucial role of extensive practice
and equal opportunities in achieving excellence (Howe et al., 1998). This perspective is
supported by evidence indicating that achieving high excellence in a specific domain is
closely tied to practice and learning experiences rather than predetermined genetic factors
(Howe et al., 1998).

Research on language aptitude often involves tasks that incorporate unfamiliar lan-
guage material for assessment. Researchers who studied adult exceptional foreign language
achievers propose that their success is largely attributed to advanced perceptual, cognitive
abilities (Doughty et al., 2008; Linck et al., 2013) and vocal skills (Christiner et al., 2023,
2022a, 2022c). This is also highly plausible, especially when considering the phonetic
challenges encountered in foreign language learning during initial learning stages.

In general, it is widely acknowledged that adult learners encounter numerous chal-
lenges in acquiring foreign languages (Abrahamsson & Hyltenstam, 2009; DeKeyser et al.,
2010; Han, 2013). For instance, foreign language learners tend to use sounds which resemble
those of their native language, resulting in perceptual and productive transfer errors when
attempting the target language (Christiner, 2020; Patel, 2007; Yang et al., 2022). Depending
on the language, foreign language learners can also be concerned with the learning of very
specific language features that are not rooted in their mother tongue (Werker & Tees, 2005).
It is also well-observed that foreign language learners find it challenging to comprehend
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utterances when spoken by a native speaker, although they probably understand their
meaning when the utterance is presented visually. Foreign language learners often face
challenges in identifying word boundaries in continuous speech, as they tend to apply
segmentation strategies from their native language (Patel, 2007). The latter leads to percep-
tual difficulties and to problems in being able to categorize sounds into meaningful units.
Consequently, the acquisition of phonetic structures emerges as a predominant factor in
the early stages of learning foreign languages.

In the initial phase of learning a foreign language, being musically inclined or musically
trained is helpful due to the shared cognitive processes involved in processing linguistic
and musical stimuli (Besson et al., 2011; Peretz et al., 2015). Therefore, in the initial
stages of foreign language learning, overlaps between musicality and language have been
very frequently observed (Christiner et al., 2023, 2022b; Milovanov, 2009; Milovanov &
Tervaniemi, 2011; Pastuszek-Lipinska, 2008). Thus, it comes as no surprise that over
the past two decades several models on the overlap between music and language have
been proposed. For instance, the shared sound category learning mechanism hypothesis
suggests that the mechanism for learning sound categories show overlaps between music
and language (Patel, 2007). This suggests that the influence of musical training on language
abilities can be ascribed to the refinement of a fundamental, cross-domain sound learning
mechanism. While extensive literature has demonstrated that musical skills can predict
language ability, some studies have reported contrary findings or alternative explanations
for their relationship.

For instance, singing as a sensory phenomenon has been linked to productive phonetic
skills such as the pronunciation of foreign languages, the ability to mimic foreign accents,
and the ability to memorize new vocabulary (Christiner et al., 2021, 2023, 2022a; Christiner
& Reiterer, 2018; Franco et al., 2021; Ludke, 2018; Ludke et al., 2014; Grof et al., 2022).
The overlaps between singing and foreign language pronunciation may be mediated by
enhanced sensorimotor ability (Christiner et al., 2022a, 2022b, 2022c).

Perceptual research has shown that musicians possess enhanced auditory skills, en-
abling precise detection of nuances in pitch, tone, and rhythm (Besson et al., 2011; Francois
etal., 2013; Kraus & Chandrasekaran, 2010; Thompson et al., 2004). Heightened auditory
perception aligns with enhanced capabilities in tone languages discrimination (Christiner
et al., 2022b), speech segmentation (Francois et al., 2013) and perception of non-native
tones (Alexander et al., 2005), or higher language processes such as reading comprehension
(Seither-Preisler et al., 2014; Partanen et al., 2022; Eccles et al., 2021).

Some studies report conflicting findings on the link between musical capacity and lan-
guage abilities. For instance, although musical training is associated with language-related
skills, this relationship may weaken or disappear once general cognitive abilities are consid-
ered (Swaminathan et al., 2018). Such results suggest alternative explanations, indicating
that observed associations may largely reflect underlying cognitive and perceptual skills
common to both domains (Swaminathan & Schellenberg, 2020; Kragness et al., 2021). Other
research highlights that specific musical skills—especially singing ability—are more closely
related to language functions such as pronunciation, while associations with other musical
skills are less consistent (Christiner et al., 2022a). Ultimately, the presence or absence of
positive effects depends on multiple mechanisms and must be carefully examined.

People who speak two or more languages, or who acquire several languages during
their lives, have a similar status to musicians from a linguistic point of view; they have a
clear advantage when learning new languages (Gresele et al., 2013; Papagno & Vallar, 1995).
Researchers distinguish between simultaneous and successive bilinguals/multilinguals.
The latter possess improved auditory language skills (Gresele et al., 2013) and also show
enhanced ability to acquire novel phonological forms (Hell & Mahn, 1997; Kaushanskaya
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& Marian, 2009; Papagno & Vallar, 1995). This is dependent on several factors, two of
which are pivotal for our study. In language research, phonological short-term memory has
been defined as one of the most important predictors that explain individual differences in
foreign language ability (Wen & Skehan, 2011). STM capacity is closely linked to the capacity
to recall larger phonological units and stands out as a key cognitive factor predictive of
advanced language skills among multilinguals (Baddeley et al., 1998). In addition, there
are also training related benefits. It has been suggested that individuals with extensive
foreign language capacity benefit from more refined and flexible long-term representations
of phonological patterns, such as the ability to process and remember longer sequences of
speech sounds (e.g., extended syllable strings or nonwords), which may facilitate faster
acquisition of additional languages (Hell & Mahn, 1997; Kaushanskaya & Marian, 2009;
Papagno & Vallar, 1995).

Previous research has demonstrated a significant association between initial foreign
language aptitude measures and the educational backgrounds of participants’” parents
(Christiner, 2020), highlighting parental education as a key socioeconomic (SES) variable in
the study of language aptitude. Despite this, research specifically examining the relation-
ship between language aptitude and SES remains limited.

Socioeconomic status is a multifaceted construct that encompasses access to economic
and social resources as well as social positioning, and is closely linked to educational and
academic achievement (Hauser & Warren, 1997; Li et al., 2019; Szab0 et al., 2019). Individual
differences in language capacity have also been associated with SES. For example, higher
SES among mothers and caregivers has been shown to positively predict language skills in
children (Huttenlocher et al., 2010), while individuals from lower SES backgrounds tend to
perform more poorly on language tasks (A. Calvo & Bialystok, 2014).

Research on foreign language acquisition in children further suggests that SES-related
disparities extend beyond the quantity of language input to include differences in the
quality of linguistic interactions and opportunities for language learning (Cartmill et al.,
2013; Rowe, 2018). Importantly, the impact of socioeconomic disparities on language skills
may persist into adulthood and continue to influence academic achievement (Hoff, 2013).
These findings underscore the importance of investigating whether socioeconomic status
similarly affects the ability to perceive and retain unfamiliar languages.

In previous research we noted that extensive foreign language training and musical
status and musical training variables (e.g., familiar song singing) were good predictors
for the ability to pronounce unfamiliar languages in adult participants, regardless of the
languages which were used (Christiner, 2020; Christiner et al., 2021, 2022b, 2023). In this
study, our focus shifted to examining whether we could replicate these findings using
auditory phonological pattern recognition measures. Some language aptitude measures
(e.g., LLAMA D; Meara, 2005) are based on the premise that the ability to identify brief
phonological sequences in an unfamiliar language facilitates subsequent vocabulary acqui-
sition. In the same vein, musicality assessments operate on analogous principles, requiring
listeners to compare and judge previously heard patterns (e.g., short melodies) as identical
or different. On this basis, both types of tasks recruit similar cognitive mechanisms for de-
tecting and representing sequential auditory information. In this study, we addressed these
specific overlaps and formulated the following research questions: Does the relationship
between musical training and musical ability also extend to auditory phonological pattern
recognition (Q1)? How are short-term memory, socioeconomic status (SES), educational
level, and self-estimated musical ability related to the ability to recognize phonological
patterns in unintelligible auditory stimuli (Q2)? Additionally, we aimed to investigate
whether extensive foreign language training and musical background served as equally
strong predictors of our variables under consideration (including scores on the Advanced
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Measures of Music Audiation (AMMA) test, SES status, STM, educational level, and musical
ability self-estimation), with particular emphasis on the ability to recognize phonological
patterns in unintelligible auditory stimuli. We aimed to determine the extent to which
extensive foreign language training and musical status distinguish adult participants in
their performance on auditory phonological pattern recognition and related cognitive
measures (Q3). To achieve this, we recruited participants both with and without extensive
foreign language training, as well as individuals with and without musical training.

2. Materials and Methods
2.1. Participants

We recruited participants through online platforms, schools, and universities, pro-
viding them with information about the eligibility criteria they needed to meet. First, the
most important criterion was that participants should neither speak, comprehend nor have
studied Tagalog, Mandarin, Farsi and Japanese as a second, or foreign language. This
was meant to simulate a foreign language learning setting in initial learning stages when
individuals listen to unfamiliar utterances that they retain for a short period to ensure that
participants had no prior knowledge about any of the languages included in the research
design. The recruitment description also stipulated that we look for individuals with and
without musical training without distinction of the genre they play or perform (including
both non-professional and professional musicians), and individuals with and without
extensive foreign language experience. The participants had no hearing or cognitive im-
pairments. Informed consent was obtained from all subjects involved in the study. The
ethical committee has granted approval for this study GZ. 39/106/63 ex 2024 /25.

In order to be able to categorize the participants according to our criteria, they had to
fill out a detailed questionnaire about their language, musical and educational background.
The participants were categorized as participants with or without formal musical training
according to the following criteria. Participants with no musical training had received
no formal instruction on any musical instrument prior to the test sessions. Learning the
recorder in school was not treated as musical training. Additionally, participants who had
not received musical training were asked to indicate if they had learned to play a musical
instrument informally. Participants were categorized as individuals with musical training
by fulfilling two criteria. First, they had to have played a musical instrument for longer than
3 years on a regular basis before testing. Second, they had to regularly participate in musical
activities at the time they were tested. Musicians who no longer actively practiced or played
an instrument—sometimes referred to as “sleeping musicians”—were not included in this
study. Since some participants stopped playing at different times in the past, establishing
consistent and meaningful criteria for inclusion proved difficult. Participants falling into
this category were excluded from the analysis. The questionnaire used for categorization
has been provided in the Supplement (see Supplement Section S1).

Furthermore, the participants were differentiated based on their foreign language
proficiency. All adult testees had undergone foreign language training in the course of their
lives. Participants were categorized as adults with extensive foreign language training
if they had demonstrated proficiency in speaking and comprehending at least 2 foreign
languages at a high level. The participants were considered to have extensive foreign
language proficiency if they were able to master at least two foreign languages, in addition
to their mother tongue, at the B2 or C1 level. The foreign languages spoken included En-
glish, German, French, Spanish, Italian, Dutch, Russian, Croatian, Hungarian, Norwegian,
Portuguese, Swedish, Slovak, Czech, and Finnish. We did not include participants who
were simultaneous bilinguals but only successive bi-and multilinguals. The questionnaire
is available in the Supplement Section (see Supplement Section S2).
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According to the above description, we established 4 different groups: adults with-
out musical training and without extensive foreign language training (NoMT + NoEFL;
N = 91), adults without musical training but with extensive foreign language experience
(NoMT + EFL; N = 125); adults with musical training but without extensive foreign lan-
guage training (MT + NoEFL; N = 102), and adults with musical training and extensive
foreign language experience (MT + EFL; N = 182). Given the number of variables de-
fined, we have included a list of abbreviations to aid comprehension (see Table S2 in the
Supplement).

A total of 500 participants were involved in the study, comprising 156 males and
344 females, with a mean age of 29.60 years (SD = 11.01). We also collected information
about their native language and the educational status of the participants as well as their
parents’ educational backgrounds. Of the participants, 451 reported German as their native
language, constituting the vast majority of the sample. The remaining participants were
native speakers of Latvian (17), Croatian (8), English (7), Slovenian (5), Russian (4), and
Bosnian (3). Additionally, Bulgarian and Polish each accounted for 2 native speakers, and
Czech for 1 native speaker. The determination of educational status in this study adheres
primarily to the guidelines outlined by the European Qualifications Framework (EQF).
Educational status is represented on a scale ranging from 0 to 9, where 0 denotes ‘no school
education” and 9 signifies attainment of a ‘doctoral degree’ (for details see Supplement
Section S3). The educational score of the participants is revered to as educational level of
the participants in the analysis section.

The educational status of parents is frequently used as a criterion for defining socioe-
conomic status (SES) with the primary caregiver typically playing a more significant role.
To account for the differential influence of the main caregiver’s education, we applied a
weighted approach, with the main caregiver’s educational status assigned a higher weight
(SES score = 0.75 x main parent/caretaker education + 0.25 s parent).

2.2. Auditory Phonological Pattern Recognition Measure

Auditory perception entails linking incoming sounds with previous experiences and
adapting to environmental conditions and the anticipated relevance of the stimuli. De-
pending on the cognitive demands, it may involve processes such as sound classification,
recognition, and identification, applicable to both speech and non-speech auditory signals
(Scharine et al., 2009).

Within this broad framework, we developed a tool to assess auditory phonological
pattern recognition—structurally similar to measures used in previous research (Christiner,
2020; Christiner et al., 2022a; Coumel et al., 2023). Auditory phonological pattern recogni-
tion is defined here as the ability to detect, segment, and match unfamiliar multi-syllabic
speech sequences based on their phonological and prosodic patterns—independent of
semantic or lexical knowledge. It evaluates individual differences by emphasizing holistic
pattern recognition over the discrimination of specific phonological contrasts.

This approach aligns conceptually with established language aptitude paradigms,
such as the LLAMA D test (Meara, 2005), which measures implicit learning of repeated au-
ditory patterns, and musical aptitude assessments like Edwin Gordon’s AMMA test (1989),
which evaluate auditory pattern recognition through unfamiliar melodies. The LLAMA D
test presents paired auditory sequences for comparison, mirroring the approach of musical
aptitude tasks that match paired sequences. Our measure employs sequence recognition
and is based on approaches similar to those used in LLAMA D and many musicality tasks,
as all share the requirement that previously heard patterns must be compared and judged to
be the same or different. Unlike classical speech perception tasks that emphasize phonetic-
phonological contrasts (e.g., minimal pairs), this measure emphasizes the perception and
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retrieval of natural multi-syllabic speech units as integrated sequences. By incorporating
multiple typologically diverse languages, it enhances reliability and generalizability. Anal-
ogous to how varied melodies enhance musical assessments, using different languages and
speakers—each providing unique phonological sequences—enhances the reliability of our
measure. Moreover, it parallels musicality measures, serving as an appendage focused on
phonological sequences.

2.2.1. Stimulus Selection and Characteristics

Stimuli are drawn from the narrative The North Wind and the Sun, presented in four
typologically diverse languages that are unfamiliar to the participants of this study, who
were primarily native German speakers: Mandarin, Japanese, Farsi, and Tagalog. While
each language has characteristic phonological features, these specific contrasts are not
the focus of the test. The choice of diverse languages ensures participants” lack of prior
familiarity and introduces natural phonetic and prosodic variability. The stimuli were
produced by six native speakers per language to capture realistic variation in articulation
and prosody.

2.2.2. Stimulus Preparation and Structure

For each language and speaker, approximately 24 samples—consisting of words and
short phrases ranging from 3 to 11 syllables—were extracted at naturally occurring speech
pauses and normalized for loudness to maintain comparability across recordings. Each trial
consists of two parts: a string and a response stimulus. The string comprises eight segments
per participant: four segments containing between 3 and 6 syllables and four segments
containing between 7 and 11 syllables, sampling a spectrum of phonological complexity
and prosodic length. Segments within the string are separated by brief silent intervals
of 50 ms. After the string, a 2-s delay indicated by a change in screen color precedes the
response stimulus.

Response stimuli consist of one to three units, which participants must identify as
belonging to the preceding string. When multiple units are presented in a response,
all must have appeared somewhere in the string for the response to be judged correct,
regardless of order. For example, a response with three units is considered correct if all
three appeared somewhere in the first part of the trial (the presentation string), regardless
of their order in the response. All stimuli within a single trial are produced by the same
native speaker, ensuring uniformity of speaker-specific prosodic cues. An example from
Mandarin illustrating the specific linguistic units extracted for the study is provided in the
Supplemental Materials (see Supplemental Section S4 Table S1).

In sum the task consists of 20 items and for each correct answer 0.05 points were given.
Therefore, the maximum score someone can reach is 1 if all answers are correct.

2.3. Short-Term Memory Measure

The phonological short-term memory (STM) of the participants was assessed using
forward and backward Wechsler digit span tasks (Tewes, 1994). In the forward task,
participants were instructed to repeat a sequentially increasing series of numbers presented
auditorily, while in the backward task, they were instructed to repeat the numbers in
reverse order. The forward span task consisted of sequences ranging from three to nine
items, whereas the backward span task included sequences ranging from two to eight
numbers. Each participant received two scores: one for the forward task and one for
the backward task. Scores were based on the number of items correctly repeated, with a
maximum possible score of 14. In this study we used a composite score of both measures
for the analysis (STM total).
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2.4. Music Perception Ability

The AMMA test (Advanced Measures of Music Audiation, Gordon, 1989) was utilized
to evaluate participants’ music perception abilities. This test presented participants with
pairs of musical statements, prompting them to identify whether these pairs were identical
or exhibited rhythmic or tonal differences. Rhythmic variations included changes in
tempo, meter, or duration, while tonal differences involved discrepancies in a few notes
between the two statements. The test comprised 33 items, with participants completing
three practice trials followed by 30 experimental trials. Of these, 10 pairs were identical,
10 differed rhythmically, and 10 differed tonally. The order of presentation for the trials
was randomized. For the analysis in this study, we used the composite score (AMMA total)
that consists of the results of all trials.

2.5. Statistical Analyses

The statistical analysis is divided into different steps. First correlational analysis
was performed for the variables under consideration. Then, a regression analysis was
conducted to address two primary research questions (Q1 and Q2): the first question
focused on whether we could replicate previous findings using auditory phonological
pattern recognition measures and their relationship with musicality variables and the
second question explored further dimensions by investigating the relationships between
STM, SES, educational level, self-estimation in musical ability, and the ability to discriminate
unfamiliar languages. In the regression model, auditory phonological pattern recognition
was the dependent variable.

To investigate the third research question (Q3), we conducted group analyses. The
main aim was to examine whether extensive foreign language training and musical back-
ground serve as equally strong predictors of our variables under consideration, with
particular interest in auditory phonological pattern recognition. We ran a MANOVA
to reveal whether the variables AMMA total, SES status, STM, educational level, musi-
cal ability self-estimation, and auditory phonological pattern recognition differ in their
mean values across the four groups (with/without extensive foreign language training,
with/without musical training). As a follow-up analysis, we performed a discriminant
analysis to illustrate how well these variables predict the group membership of our partic-
ipants. Additionally, we conducted a separate ANOVA specifically focused on auditory
phonological pattern recognition to allow for more detailed differentiation.

As gender ultimately did not influence perceptual language measures in previous
research (Christiner, 2020; Coumel et al., 2023; Grof3 et al., 2023), gender differences were
not part of our study. For transparency we include here a t-test which revealed that there
was no significant difference between female (M = 0.67, SE = 0.009) and male participants
(M = 0.67, SE = 0.007); t(498) = 0.09, p = 0.93. The descriptive statistics for the variables
under consideration are provided in Supplementary Section S5, Table S4.

3. Results
3.1. Correlational Analysis

To assess the associations between the auditory phonological pattern recognition and
the variables under consideration we performed correlational analysis. Table 1 shows the
simple associations between the main variables under consideration.
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Table 1. Simple associations of the language and musical variables.

Variable

AMMA Total ~ STM Total Musical gES Status Educational
Self-Estimation Level

Auditory phonological
pattern recognition
AMMA total

STM total

Musical ability
self-estimation

SES status

0.435 ** 0.303 ** 0.174 ** 0.248 ** 0.216 **

0.285 ** 0.146 ** 0.142 ** 0.133 **
0.057 0.182 ** 0.105 *

0.149 ** 0.138 **
0.240 **

Note. STM = short-term memory. SES status = socio-economic status. * p < 0.05 (uncorrected, two-tailed).
**p <0.001 (uncorrected, two-tailed).

3.2. Regression Analysis

A stepwise multiple linear regression analysis was conducted to examine the relation-
ships between various factors and auditory phonological pattern recognition scores. To
determine which variables to include in the regression model, we first performed correla-
tion analyses (descriptives are provided in the Supplement, see Table S4). Variables that
showed significant correlations with the auditory phonological pattern recognition score
(p < 0.05) were selected as potential predictors for the regression model.

The results of the multiple regression analysis (Table 2) demonstrate that several
factors contribute significantly to the variance in auditory phonological pattern recogni-
tion. Model 1 shows that musical perception (AMMA total) explains 19% of the variance
(R2=0.19, p <0.01). With the addition of SES status in Model 2, the explained variance
increases to 23% (R? = 0.23, p < 0.01). Model 3 incorporates STM total, further increasing
the explained variance to 25% (R? = 0.25, p < 0.01). Educational level in Model 4 adds a
small but significant contribution, raising the variance explained to 26% (R? = 0.26, p < 0.01).
Finally, Model 5, which includes musical ability self-estimation, accounts for 27% of the
variance in auditory phonological pattern recognition (R? = 0.27, p < 0.05). For AMMA
total, SES status, STM total, educational level, and musical ability self-estimation, VIF
values ranged from 1.000 to 1.122, suggesting that multicollinearity was not a concern in
the present analyses. Residual diagnostics indicated that standardized residuals ranged
from —2.73 to 2.59 (M = 0.00, SD = 0.99), suggesting no extreme outliers. The residuals
were all within the expected range of £3, supporting the assumption of normality and the
adequacy of the regression model.

Table 2. Multiple Regression Models Explaining the Variance in Auditory Phonological Pattern
Recognition.

R R? F Change Sig. FChange B SEB B p

Model 1

Model 2

Constant
AMMA total

Constant
AMMA total
SES status

0.44 0.19 116.44 0.000
0.35 0.03
0.01 0.00 044 <0.01
0.47 0.23 22.78 0.000
0.31 0.03
0.01 0.00 041 <0.01
0.01 0.00 019 <0.01
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Table 2. Cont.
R R? F Change Sig. FChange B SEB B p
Model 3 0.50 0.25 16.97 0.000
Constant 0.23 0.04
AMMA total 0.01 0.00 036 <0.01
SES status 0.01 0.00 0.17 <0.01
STM total 0.01 0.00 0.17 <0.01
Model 4 0.51 0.26 8.78 0.003
AMMA total 0.01 0.00
SES status 0.01 0.00 0.14 <0.01
STM total 0.01 0.00 0.16 <0.01
Educational level 0.01 0.00 0.12 <0.01
Model 5 0.52 0.27 4.10 0.044
AMMA total 0.00 0.00
SES status 0.01 0.00 0.13  <0.01
STM total 0.01 0.00 0.16 <0.01
Educational level 0.01 0.00 0.11 <0.01
Musical ability

self-estimation

0.01 0.00 0.08 <0.05

Dependent variable: Auditory Phonological Pattern Recognition.

3.3. MANOVA, Discriminant Analysis and ANOVA

We conducted a MANOVA to investigate potential differences in the mean values of
the variables auditory phonological pattern recognition, AMMA total, SES status, STM, ed-
ucational level, and self-estimated musical ability across groups. Table 3 presents the mean
values of the variables under consideration. Using Pillai’s trace there was a significant effect
for group membership (NoMT + NoEFL, NoMT + EFL, MT + NoEFL, and MT + EFL) for
the auditory phonological pattern recognition, AMMA total, SES status, STM, educational
level, and self-estimated musical ability V = 0.98, F(6,491) = 11.75, p < 0.001.

The MANOVA was followed by a discriminant analysis, which revealed two dis-
criminant functions (see Figure 1). The first explained 85.1% of the variance, canonical
R? = 0.31, whereas the second explained only 12.9%, canonical R? = 0.06. The third func-
tion was non-significant and explained only 1.7% of the variance. In combination, these
discriminant functions discriminated the groups, A = 0.65, x2(18) 215.27, p < 0.001. A = 0.9,
Xx2(10) = 36.07, p = 0.001, while the third function did not discriminate the groups A = 0.9,
Xx2(4) =4.35, p = 0.361. We used the recommended cutoff of value of 0.4 (Hair et al., 2014)
to decide which of the standardized discriminant coefficients are large. The correlations
between the outcomes and the first discriminant functions revealed that the loads onto
the first function are large for the AMMA total (r = 0.69), the auditory phonological pat-
tern recognition variable (r = 0.64), and the musical ability self-estimation score (r = 0.53).
Although the STM score also correlated with the first function, it did not reach the upper
limit to be considered a significant score (r = 0.33). Table 3 illustrates that the means of
the variables were higher for groups with musical training compared to those without.
The correlations between the outcomes and the second discriminant function were high
for participants’ educational level (r = 0.62) and SES (r = 0.56). Similarly, the means were
higher for groups with extensive foreign language training compared to those without.
To provide information about the significance of group differences in the main variable
of interest, auditory phonological pattern recognition, we conducted an ANOVA. There
was a significant difference in auditory phonological pattern recognition across the four
groups, F(3, 496) = 30.713, p < 0.001, w? =0.15, indicating a large effect size. Furthermore, a
significant linear trend was observed, F(1, 496) = 92.015, p < 0.001, w?=0.16, suggesting
a progressive increase in auditory phonological pattern recognition across the groups in
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the order of NoMT + NoEFL, NoMT + EFL, MT + NoEFL, and MT + EFL, with a large
effect size. Gabriel-corrected post-hoc analyses comparing the four groups were also per-
formed to provide detailed insights into these differences. The results are available in the
Supplemental Material (Table S3).

Table 3. Mean Values of Each Variable for the Four Groups.

Variables Groups Mean (M) Standard Deviation (SD)

NoMT + NoEFL 47.73 8.57
NoMT + EFL 47.82 7.08
AMMA total MT + NoEFL 54.76 7.20
MT + EFL 55.20 7.99
NoMT + NoEFL 13.51 2.26
NoMT + EFL 13.83 2.46
STM total MT + NoEFL 14.66 247
MT + EFL 14.74 2.20
NoMT + NoEFL 241 0.98
Musical ability NoMT + EFL 2.55 1.06
self-estimation MT + NoEFL 3.25 1.14
MT + EFL 3.21 1.01
Auditor NoMT + NoEFL 0.58 0.13
honoloy el NoMT + EFL 0.64 0.10
pattern rgeco nition MT -+ NoEFL 0.69 0.11
p & MT + EFL 0.71 0.11
NoMT + NoEFL 3.73 1.66
SES NoMT + EFL 4.62 1.98
status MT + NoEFL 455 1.98
MT + EFL 5.33 2.19
NoMT + NoEFL 4.40 1.91
Educational leve] | NOMT + EFL 5.34 2.02
ucationallevel  \rp . NoEFL 5.17 2.11
MT + EFL 6.02 2.10

Groups

@ NoMT+NoEFL
4 @ NoMT+EFL
@ MT+NoEFL
MT+EFL

M Group Centroid
2 o

Function 2

-4

-4 -2 0 2 4

Function 1

Figure 1. Function 1 primarily separates musically trained from untrained participants, showing high
loadings on AMMA total scores, self-estimated musical ability, and auditory phonological pattern
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recognition. In the plot, musically trained participants are shown in red and pink, whereas musically
untrained participants are displayed in dark and light green. Function 2 differentiates participants
with extensive foreign language training from those without, showing high loadings on education
level and socioeconomic status (SES). The clusters display some minor overlap, which does not affect
the interpretability of the discriminant structure or the observed group separation.

4. Discussion

In this study, our goal was to investigate whether there are connections between
musical ability and auditory phonological pattern recognition, moving beyond previous
research that primarily focused mostly on pronunciation tasks (Q1). In addition, we
included additional variables such as short-term memory capacity, educational level, SES,
and musical ability measures in the study to outline potential relationships to auditory
phonological pattern recognition (Q2). Regression analysis revealed that musical variables
(musical aptitude and self-estimation), STM capacity, educational status, and SES status
predict individual differences in the ability to recognize auditory phonological patterns
in unintelligible speech. Notably, the contributions of STM capacity and socioeconomic
factors demonstrated significant effects on auditory phonological pattern recognition,
highlighting their importance in understanding how various factors interact with musicality
and auditory phonological pattern recognition.

Our analysis also focused on the relative influence of extensive foreign language
experience and musical training on auditory phonological pattern recognition, along with
other variables of this study (Q3). To address these overarching questions, we employed
three main statistical approaches: group-based analyses using MANOVA, discriminant
analysis and ANOVA. The results from the group-based analyses indicated that musically
trained participants demonstrated not only enhanced musical ability but also improved
auditory phonological pattern recognition, irrespective of whether they had received
extensive foreign language training or not. We will not elaborate on the separation of
groups with extensive foreign language experience from those without, based on their
educational status and socioeconomic status (SES), as indicated in discriminant analysis
function 2. This outcome aligned with our expectations and does not warrant further
discussion. Based on the key findings of our study, the discussion will be structured into
two parts. First, we will analyze the results of the regression analysis, focusing on the
factors that significantly influence auditory phonological pattern recognition. Next, we
will examine the findings from the group-based analyses, highlighting the crucial roles of
musical ability and extensive foreign language experience as primary factors.

Although it is generally accepted that phonetic ability diminishes after puberty, a
small number of individuals can reach native-like foreign language proficiency when they
are adults (Selinker, 1972). Individuals with musical ability seem to be more likely to
reach native-like foreign language proficiency (Christiner, 2020; Christiner et al., 2021, 2023,
2022b). In this study, we conducted regression analyses to examine potential relationships
between auditory phonological pattern recognition—a key competence for predicting new
vocabulary retention (Meara, 2005)—and musical skills. The results demonstrate that both
musical variables are significantly associated with auditory phonological pattern recogni-
tion, supporting previous research suggesting a close connection between musical skills
and language processing abilities (Besson et al., 2011; Francgois et al., 2013; Kraus & Chan-
drasekaran, 2010; Thompson et al., 2004). In a previous study, we used a similar measures;
however, in each trial the speech samples came from multiple speakers and spanned various
languages, which introduced greater variability between language segments. Notably, this
increased variability was not associated with musical ability (Christiner, 2020). This sug-
gests that musicians may particularly benefit from perceiving subtle differences when the
speech material is more homogeneous, as was the case in the present study. Consequently,
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it may indicate that musically skilled individuals possess a more finely tuned auditory
system, enabling them to better discriminate and remember phonetic elements, consistent
with other research (Patel, 2007). Previous studies have also revealed a significant link
between musicians’ performance and their ability to accurately assess their own musical
skills (Inabinet et al., 2021), implying that individuals with an accurate perception of their
musical abilities tend to excel in related tasks. Musically trained individuals often develop
superior self-assessment skills because they regularly rely on auditory feedback—tuning
their own performance against competing instruments—which hones their awareness of
acoustic nuances and strengthens their ability to evaluate their musical abilities accurately.
This self-estimation may contribute to auditory phonological pattern recognition, as it
reflects the awareness of individuals regarding their auditory processing ability. These
findings align with previous research indicating that musical ability is associated with
foreign language production tasks, such as pronunciation and accent imitation (Christiner
et al., 2021, 2023, 2022a).

The regression analysis also revealed that STM capacity was a significant predictor of
performance on the auditory phonological pattern recognition measure. This was expected,
as STM capacity is associated with a number of different language learning processes,
such as speech production, reading, comprehension, and vocabulary acquisition (Coumel
et al., 2023; Gathercole et al., 1997; Gathercole, 2006; Gathercole & Baddeley, 1990, 1993;
Korecky-Kroll et al., 2019). Evidence supporting the role of phonological STM stems from
clinical investigations, where patients experiencing impairments in the phonological loop
exhibit difficulties in acquiring foreign languages (Baddeley, 2010; Baddeley et al., 1998).
Conversely, individuals who excel in learning second languages, such as individuals with
extensive foreign language capacity, demonstrate a sophisticated phonological STM, which
stands as a key predictor contributing to their proficiency in multiple languages (Christiner
et al., 2021; Papagno et al., 1991; Papagno & Vallar, 1995).

In previous research, we found that the education of the parents was associated with in-
dividual differences in respect to the acquisition of language aptitude measures (Christiner,
2020). In this study we wanted to replicate earlier findings. In order to generate a compre-
hensive SES variable, we used a weighted composite score of the educational status of the
primary and the secondary caregiver during the participants’ childhood (see Section 2).
The regression analysis demonstrated that the SES variable was a significant predictor of
auditory phonological pattern recognition in this study. The findings of this study show
that the SES into which individuals are born appears to influence individual differences
in language ability. We believe this has two crucial implications. First, it shows that the
effect of socioeconomic disparities on language skills may persist well into adulthood
(Hoff, 2013) even for abilities which should be less affected by external factors. Therefore,
efforts should be directed towards the development of concepts or programs designed to
mitigate socioeconomic differences. Second, aptitude measures need to be rethought. From
a developmental perspective, it is said that aptitude is more likely to manifest itself at a
younger age, as well as aptitude is transformed into talent through practice (Gagné, 2008).
This view aligns with notions on aptitude and talent proposed by other researchers that
emphasize the importance of practice and environmental factors in developing exceptional
abilities and simultaneously challenges the notion of innate talent (Howe et al., 1998).
SES research suggests that differences in the quality of interactions and opportunities for
language learning influence individual differences in language performance (Cartmill et al.,
2013; Rowe, 2018). Pedagogically, this underscores the importance of equitable access
to enriched language experiences and targeted interventions early in life to support and
enhance auditory and phonological abilities, helping to close SES-related gaps in language
ability. However, when considering that aptitude develops into talent through practice
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(e.g., through quality interactions), the distinction between language aptitude and talent
remains ambiguous, as aptitude measures may inadvertently capture the influence of prior
environmental factors, such as socioeconomic status.

We performed various group analyses to examine the relationships between musical,
language, and other variables, with a particular emphasis on auditory phonological pattern
recognition (Q3). The participants were also divided into four groups, musically naive
participants with and without extensive foreign language experience. Extensive foreign
language training meant that they spoke and understood at least two foreign languages
on a high level. The findings of our study have shown that, as expected, participants
with extensive foreign language experience outperformed the group without extensive
training. Notably, this superiority was observed within the subset of participants who did
not have musical training (see Table 3 and Supplemental Table S3). It could be suggested
that extensive foreign language training has a significant effect on auditory phonological
pattern recognition. This finding also corresponds to previously published studies (Gresele
etal., 2013; Kaushanskaya & Marian, 2009) and is further illuminated when considered from
a developmental linguistics perspective. Individuals possess the capacity to differentiate
among all languages at birth, yet this ability diminishes gradually during the initial year of
life in favor of their maternal mother tongue (Eimas et al., 1971). Therefore, researchers have
suggested that the only capacity ultimately subject to a critical period is phonetic ability,
which diminishes after puberty (Moyer, 2014). It is generally accepted that multilinguals
are accustomed to perceiving and distinguishing between different phonemes, which can
be beneficial when encountering new languages (Hell & Mahn, 1997; Kaushanskaya &
Marian, 2009; Papagno & Vallar, 1995). Individuals who speak more foreign languages
are exposed to a broader range of acoustic features across languages. This exposure can
make them more familiar with various sound patterns and accents, allowing them to adapt
more quickly to novel phonetic structures (Spinu et al., 2023; Tremblay & Sabourin, 2012).
Therefore, the learning of foreign languages may have a similar effect on perceptual skills as
we see with musical training. However, when comparing the auditory phonological pattern
recognition performance of all four groups in this study, the two groups with musical
training outperformed the two non-musical groups. Therefore, it could be suggested that
musical training has a greater impact on recognizing phonological patterns in unintelligible
auditory stimuli than extensive foreign language training.

Studies have shown that both musicians and non-musicians show immediate im-
provements in frequency discrimination after brief musical training. This suggests that
perceptual skills may be highly responsive to practice (Kishon-Rabin et al., 2001). Indeed,
research on the impact of musical training on the neural encoding of speech has shown
that a two-year structured program of music training is enough to enhance how the brain
encodes speech (Tierney et al., 2013). However, our auditory phonological pattern recog-
nition task parallels musical aptitude assessments in two key ways. First, both use novel
stimuli—whether specific melodies or unfamiliar phonological sequences—that partici-
pants have not encountered before, requiring them to rely solely on acoustic processing.
Second, both require similar cognitive processes—such as sound classification, pattern
recognition, and memory—whether for short musical pieces or multi-syllabic speech units.
The strong association between auditory phonological pattern recognition and musical
capacity suggests that incorporating music training into foreign language education may
not only enhance auditory processing skills in linguistic contexts but also significantly
support and accelerate learning processes.

While auditory phonological pattern recognition was notably better among musicians,
effectively distinguishing them from non-musicians, STM capacity did not significantly
contribute to this differentiation, as it loaded onto the discriminant function slightly too low.
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Limitations

Although the majority of participants were native German speakers, and the remaining
had diverse L1 backgrounds (Latvian, Croatian, English, Russian, Bosnian, Bulgarian,
Polish), some native languages may share structural or phonological features with the
target languages (Mandarin, Japanese, Farsi, Tagalog), potentially facilitating recognition
performance. Future studies should therefore control for L1 background to account for
cross-linguistic transfer effects.

5. Conclusions

In conclusion, our research has shown that STM capacity, SES, foreign language profi-
ciency, and musical training have an influence on auditory phonological pattern recognition.
However, the findings reveal that in initial foreign language learning settings, musical abil-
ity is a better predictor of auditory phonological pattern recognition than extensive foreign
language training. Our findings also have implications for foreign language learning. Since
musical training influences the ability to recognize auditory phonological pattern in unin-
telligible stimuli, it shows that fine-grained auditory perceptual skills should be trained in
initial foreign language learning settings. In addition, the results of our study also have
implications for educational policies and interventions, as they highlight the importance of
addressing socio-economic disparities in access to quality language education. Educational
programs should promote efforts to offer additional support and resources to individuals
from lower SES backgrounds. Furthermore, our study also suggests that reevaluating
aptitude measures is essential for comprehending the intricate dynamics among individual
abilities, environmental influences, and language proficiency.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/languages10110272/s1. Section S1 includes the questionnaires used
to classify participants as musicians or non-musicians. Section S2 provides the questions used to
classify participants as either having or not having extensive foreign language training. Section S3
provides information on how socioeconomic status (SES) was determined, as well as details on
participants” educational background, parental education, and the main caretaker during childhood.
Section 54 and Table S1 present detailed information on the auditory phonological pattern recognition
measure, including example items in Mandarin. Section S5 contains the list of abbreviations (Table S2),
the Gabriel-corrected post-hoc analysis of a separate ANOVA for the auditory phonological pattern
recognition measure (Table S3), and descriptive statistics for the variables under consideration
(Table S4).
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