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Abstract
Humans are capable of extracting recurring patterns from their environment via statistical learning
(SL), an ability thought to play an important role in language learning and learning more generally.
While much work has examined statistical learning in infants and adults, less work has looked at the
developmental trajectory of SL during childhood to see whether it is fully developed in infancy or
improves with age, like many other cognitive abilities. A recent study showed modality-based differences in the effect of age during childhood: While visual SL improved with age, auditory SL did not.
This finding was taken as evidence for modality-based differences in SL. However, since that study
used auditory linguistic stimuli (syllables), the differential effect of age may have been driven by stimulus type (linguistic vs. non-linguistic) rather than modality. Here, we ask whether age will affect performance similarly in the two modalities when non-linguistic auditory stimuli are used (familiar
sounds instead of syllables). We conduct a large-scale study of children’s performance on visual and
non-linguistic auditory SL during childhood (ages 5–12 years). The results show a similar effect of age
in both modalities: Unlike previous findings, both visual and non-linguistic auditory SL improved with
age. These findings highlight the stimuli-sensitive nature of SL and suggest that modality-based differences may be stimuli-dependent, and that age-invariance may be limited to linguistic stimuli.
Keywords: Statistical learning; Language learning; Visual; Auditory; Developmental trajectory;
Age-invariance; Children

1. Introduction
In the past two decades, much research has shown that humans are capable of extracting distributional regularities from their environment (see Romberg & Saffran, 2010;
Correspondence should be sent to Inbal Arnon, The Hebrew University of Jerusalem, Mt. Scopus,
Jerusalem 9190501, Israel. E-mail: inbal.arnon@mail.huji.ac.il

2

A. Shufaniya, I. Arnon / Cognitive Science (2018)

Thiessen & Erickson, 2015 for reviews). This ability, often called statistical learning
(SL), is present from early infancy (Saffran, Aslin, & Newport, 1996), including in newborns (e.g., Teinonen, Fellman, N€a€at€anen, Alku, & Huotilainen, 2009). Statistical learning
is found across different modalities (i.e., auditory, visual, and tactile; Conway & Christiansen, 2005; Emberson, Conway, & Christiansen, 2011), and it can be used to learn various linguistic relations, from phonetic categories (Maye, Werker, & Gerken, 2002),
through word order (Gervain, Nespor, Mazuka, Horie, & Mehler, 2008), to phrasal structure (G
omez & Gerken, 1999). In line with its postulated role in language acquisition, SL
performance is correlated with language outcomes in both children (e.g., Arciuli & Simpson, 2011; Kidd, 2012) and adults (e.g., Conway, Bauernschmidt, Huang, & Pisoni, 2010;
Misyak & Christiansen, 2012).
While much work has studied SL in infants and adults, fewer studies have examined SL
in children or looked at its developmental trajectory during childhood. Such developmental
findings are crucial for understanding whether SL is fully developed in infancy or whether it
improves with age, like many other cognitive capacities. Statistical learning is a form of
implicit learning (Perruchet & Pacton, 2006) which can be broadly defined as distributional
learning that occurs without explicit awareness. While SL and implicit learning are often
studied in separate literatures, they share many commonalities (see Christiansen, in press).
Traditionally, implicit learning is claimed to be age-invariant (Meulemans, Van der Linden,
& Perruchet, 1998; Reber, 1993), a claim supported by studies showing no difference in
accuracy between children and adults (Bertels, Boursain, Destrebecqz, & Gaillard, 2015;
Saffran, Newport, Aslin, Tunick, & Barrueco, 1997). However, very few cognitive skills do
not improve with age, and indeed there is growing evidence within the implicit learning literature that performance improves during childhood (e.g., Janacsek, Fiser, & Nemeth, 2012;
Lukacs & Kemeny, 2015). SL may show similar developmental changes when assessed
using cross-sectional samples of sufficient size and over larger age ranges (Arciuli & von
Koss Torkildsen, 2012). In line with this prediction, a large-scale cross-sectional study
found that visual SL improves with age during childhood (between the ages of 5 and
12 years, Arciuli & Simpson, 2011). A similar pattern of age improvement was found for
visual SL when both accuracy rates and hippocampal structure were compared in children,
adolescents, and adults (Schlichting, Guarino, Schapiro, Turk-Browne, & Preston, 2017).
A recent study compared the developmental trajectory of visual and auditory SL across
childhood (ages 5–12) and found modality-based differences: While visual SL improved
with age, auditory SL did not (Raviv & Arnon, 2018). This pattern was taken as evidence
for the modality-sensitive nature of SL, which is also supported by findings from the
adult literature (Conway & Christiansen, 2005, 2006; Emberson et al., 2011; Raviv &
Arnon, 2018; Siegelman & Frost, 2015). With regard to age, the conclusion was that
auditory SL is age-invariant, whereas visual SL is not, a claim that can help reconcile the
previously mixed findings in the literature where age effects were reported for visual SL
(Arciuli & Simpson, 2011), but not auditory SL (Saffran et al., 1997). However, since the
auditory task used linguistic stimuli (syllables), an alternative explanation is that the differential effect of age on performance was driven by the nature of the stimuli (linguistic
vs. non-linguistic) rather than modality. Such a pattern would be consistent with the
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postulated role of SL in language acquisition, and the findings that unlike many other
cognitive abilities, language learning does not improve with age (Hakuta, Bialystok, &
Wiley, 2003; Hartshorne, Tennebaum & Pinker, 2018; Johnson & Newport, 3 1989). Linguistic auditory SL may similarly not improve with age. In other words, it is possible that
auditory SL does improve with age when non-linguistic auditory stimuli are used.
In this study, we test this prediction by conducting a large-scale cross-sectional study of
the developmental trajectory of visual and non-linguistic auditory SL across childhood
(ages five to thirteen, N = 232). Infants, children, and adults are capable of learning nonlinguistic auditory sequences and learn them as well as syllable sequences (Saffran, 2002;
Saffran, Johnson, Aslin, & Newport, 1999). However, no study to date has asked whether
performance improves with age for such non-linguistic auditory stimuli. We examine performance on a non-linguistic auditory task (using familiar sounds) and a visual one (using
object drawings) across childhood. If the effect of age on SL is dependent on modality,
reflecting constraints of the auditory system, we expect to see an improvement with age
for the visual task, but not the auditory one, similar to Raviv and Arnon (2018). If, in contrast, the effect of age is stimuli-sensitive and age invariance is unique to linguistic elements, performance should improve with age for both the visual and non-linguistic
auditory tasks. Our tasks are closely modeled on the ones used in Raviv and Arnon
(2018), where participants had to detect recurring triplets in a continuous temporal stream.
The task properties were similar to those of Raviv and Arnon (2018) in terms of their statistical properties, and nature and number of exposure and test trials. They differed in that
our auditory task used familiar non-linguistic sounds (bird tweeting, door opening, and bell
ringing etc.) instead of syllables: The sounds were familiar, but, unlike syllables, were not
expected to co-occur together in any particular way. We tested children in the same age
range as in the previous study to better enable the comparison between them.

2. Method
2.1. Participants
One hundred and eighteen children completed the auditory task (age range: 5–12 years,
mean age: 8;7 years, 67 boys and 51 girls) and 111 different children completed the visual
task (age range: 5–12 years, mean age: 8;7 years, 63 boys and 48 girls). All children were
recruited as part of their visit to the Living Lab at the Bloomfield Science Museum in Jerusalem, and they received a small educational reward in return for their participation. Parental consent was obtained for all children. All the children were native Hebrew speakers,
and none had known language or learning disabilities, as reported by their parents.
2.2. Materials
Each child completed either the non-linguistic auditory task or the visual task in a
between-subject design. In both tasks, participants were exposed to a continuous exposure
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stream containing five recurring triplets. The transitional probabilities between syllables
were 1 within triplets and 0.25 between triplets. Following exposure, learning was
assessed using 25 two-alternative-forced-choice trials (2AFC).
2.2.1. Non-linguistic auditory task
The auditory stimuli consisted of five unique triplets of familiar sounds built from an
inventory of 15 different recognizable non-linguistic sounds such as door opening and
bell ringing (see Appendix A for the complete list of sounds). The triplets were generated
anew for each participant, so that each participant heard a different set of triplets. The
duration of each sound was 500 ms, with a 100 ms break between sounds (duration of
1,800 ms for each triplet). This differs from the stimuli duration in Raviv and Arnon
(2018) where each syllable was presented for 250 ms. This change allowed us to equate
stimulus duration between the auditory and visual tasks, and to better reflect the longer
duration of familiar sounds compared to syllables (we discuss the possible effect of this
in the general discussion). The five triplets were concatenated together in a semi-randomized order to create the familiarization stream (with the constraint that no triplet will be
heard twice in a row). The exposure phase lasted 3:30 min, with each triplet repeated 24
times. Importantly, there were no visual, auditory, or temporal cues to indicate triplet
boundaries.
2.2.2. Visual task
The visual stimuli consisted of five unique triplets of drawings from a set of 15 blackand-white drawings of familiar objects (house, book, plane; see Appendix A for all
items). The drawings were all taken from a set of normed drawings (Alario & Ferrand,
1999). All pictures had high naming agreement, similar length (in Hebrew), high frequency, and early age of acquisition in Hebrew (based on Maital, Dromi, Sagi, & Bornstein, 2000). The triplets were created anew for each participant so that each saw a
different set. The duration of each triplet was 1,800 ms (like the auditory task): Each
drawing appeared on the screen for 500 ms, with a 100 ms break between drawings. The
triplets were concatenated together in a semi-randomized order (with the constraint that
no triplet will appear twice in a row) to create the visual familiarization stream. The
exposure phase lasted 3:30 min, with each triplet repeated 24 times. Again, there were no
visual, auditory, or temporal cues to indicate triplet boundaries.
2.2.3. The test-phase
The test phase was identical for the two tasks. It included 25 2AFC trials where participants had to choose between two triplets (separated by 500 ms). On each trial, participants heard a real triplet (that appeared in the exposure stream) and a foil triplet, either
preceding or following it. Foil triplets were constructed by taking the first sound/drawing
from one triplet, followed by the second sound/drawing from another triplet, and the third
sound/drawing from a third triplet. Each element in the foil triplets appeared in a similar
position in real triplets, but with different surrounding sounds/drawings. This created a
difference in TPs between real triplets and foils: While the TPs between every two
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adjacent elements within a triplet were 1, the TPs between every two elements in a foil
were 0. If participants were attending to the distributional properties of the exposure
stream, they should be able to distinguish between real triplets and foils.
2.3. Procedure
Children were tested individually while seated at a computer wearing noise-cancelling
headphone. In the non-linguistic auditory task, children were told to listen to an alien
song based on sounds they heard on Earth. Following exposure, children were asked to
help the aliens reconstruct the song by telling them which of the two short sound
sequences (triplets) appeared in the same order in the alien song they just heard. In the
visual task, children were told that aliens were bringing souvenirs from Earth back to
their spaceship. Following exposure, children were asked to help the aliens and say which
of the two triplets they saw were taken into the spaceship in the same order before. For
both tasks, the test trials were presented to children in random order (with the constraint
that the same real/foil triplet did not appear in two consecutive trials). The order of real
triplets and foils on each trial was counter-balanced so the real triplets appeared first in
half of the trials and the foil appeared first in the other half. After hearing both possibilities, children were asked to press either “1” if they thought the correct triplet was the first
or “2” if it was the second. In case children felt they did not know the answer, they were
encouraged to guess which seemed more familiar. At the end of the task, the experimenter thanked the child for helping the aliens and let them to choose a small reward.

3. Results
Three children were removed from the analyses because their performance was significantly below chance using the binomial distribution (accuracy under 32% correct).1 Children showed learning in both tasks with performance significantly above chance (nonlinguistic auditory task: mean accuracy 59%, t(118) = 8.36, SD = 0.12, p < .0001; visual
task: mean accuracy 64%, t(111) = 8.96, SD = 0.16, p < .0001). Performance was better
in the visual task compared to the auditory task (t(228) = 2.45, p < .01), consistent with
previous findings of a visual advantage in children of the same ages (Raviv & Arnon,
2018). Table 1 shows accuracy across development (in 5-year-and-a-half age bins of similar size, following Raviv & Arnon, 2018). We use these bins only for presentational clarity: In the analyses, age was entered in half years, without any additional division into
bins. As can be seen, children showed learning as a group across development and seem
to improve with age in both modalities, though the increase seems more linear in the
visual domain (Table 1). Fig. 1 shows children’s mean performance on both tasks as a
function of age.
To test for significance, we used mixed-effect logistic regression models. Our dependent binominal variable was success in a single test trial. The model included fixed
effects for age (in half years, centered), modality (visual vs. auditory. contrast coding),
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Table 1
Visual and auditory SL accuracy by age bins
Non-linguistic Auditory

Age group 5 to 6.5
Age group 6.5 to 8
Age group 8 to 9.5
Age group 9.5 to 11
Age group 11 to 12.5
All children

Visual

N

Mean

t-score

N

Mean

t-score

24
23
26
25
24
122

0.58
0.54
0.61
0.57
0.64
0.59

3.49**
1.59
4.68***
3.54**
6.02***
8.36***

22
24
24
24
20
114

0.54
0.61
0.64
0.68
0.71
0.64

1.25
4.67***
4.33***
5.18***
6.33***
9.3***

**p < .01; ***p < .001

Fig. 1. Accuracy in both tasks by age (in half years). Each dot represents an accuracy score (ranging from
0% to 100%) shown by one participant in the relevant age range. The size of the dots reflects the number of
participants who had that score. The two colorful plotted lines represent the linear regression line for each
modality, with the standard confidence interval in black. The black line represents the 50% chance level.

and the interaction between them to see if age affects performance on both visual and
non-linguistic auditory SL. We used age in half-years rather than age in months to better
enable the comparison of our results to those of Raviv and Arnon (2018)—where age
was used in half-years—and to avoid problems with model convergence (we are interested in the interaction between age and modality and do not have the same distribution
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of participants per month in the two tasks). The model also had trial number (centered),
order of appearance in test (whether the real triplet or the foil appeared first, deviation
coded), and gender (males vs. females, contrast coding) as additional fixed effects. We
also included the interaction between order of appearance and modality, since previous
work showed that order at testing affected accuracy for auditory, but not visual (Raviv &
Arnon, 2018). The model also had a random intercept for subjects (because items were
generated anew for each participant, we did not include a random effect structure for
items).
Age had a significant positive effect on performance (Table 2): Children’s accuracy
improved with age, with older children showing higher accuracy (b = 0.06, SE = 0.02,
p = .032). The interaction between modality and age was not significant (b = 0.05,
SE = 0.04, p = .16, chi-square = 189, p > .1 in model comparison), indicating that auditory SL does improve with age when the stimuli are not linguistic. After removing the
interaction term, the effect of age was highly significant (b = 0.08, SE = 0.02, p < .001,
model comparison: chi-square = 18.03, p < .001). The effect of modality was significant,
with children showing higher accuracy in the visual domain (b = 0.20, SE = 0.07,
p = .006), as in Raviv and Arnon (2018). The effect of trial number was not significant
(b = 0.006, SE = 0.003, p = 0.09), confirming that no learning (or unlearning) was happening during the test phase itself. The effect of gender was not significant (b = 0.02,
SE = 0.03, p = 0.49). The effect of order of appearance was significant, with higher accuracy when the real triplet appeared first (b = 0.008, SE = 0.03, p = .026). The interaction between order of appearance and modality was marginal (b = 0.09, SE = 0.05,
p = .08): The effect of order of appearance was not significantly stronger in the auditory
modality.
We ran two additional models on each task separately to ensure that the effect of age
is found in both modalities (Tables 3 and 4). We had the same fixed and random effect
structure as in the previous model, excluding modality (Tables 2 and 3). Accuracy
increased with age in both modalities (auditory: b = 0.06, SE = 0.02, p = .005; visual:
b = 0.11, SE = 0.03, p = .0007). In line with the marginal interaction found in the joint
model, the effect of order of appearance differed in the two modalities: Order of appearance affected accuracy in the auditory modality (b = 0.08, SE = 0.03, p = .03), but not
Table 2
Mixed-effect regression model for both tasks (ages 5–12) with significant effects in bold
Estimate
(Intercept)
Age
Modality (Visual)
Gender (male)
Trial number
Order of appearance (first)
Age: modality (Visual)
Modality (Visual): order of appearance

0.373
0.06
0.209
0.02
0.006
0.008
0.05
0.09

SE
0.054
0.028
0.078
0.039
0.003
0.003
0.040
0.055

z-value
6.866
2.134
2.677
0.655
1.676
2.226
1.380
1.729

p-value
<.001
<.05
<.01
>.5
>.1
<.05
>.15
>.08
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Table 3
Mixed-effect regression model for the auditory task (ages 5–12) with significant effects in bold
Estimate
(Intercept)
Age
Gender (male)
Trial number
Order of appearance (first)

0.357
0.06
0.07
0.004
0.08

SE
0.043
0.028
0.043
0.005
0.03

z-value

p-value

8.289
2.753
1.835
0.854
2.159

<.001
<.01
=0.06
>.3
<.05

Table 4
Mixed-effect regression model for the visual task (ages 5–12), significant effects in bold
Estimate
(Intercept)
Age
Gender (male)
Trial number
Order of appearance (first)

in the visual one (b =
Arnon, 2018).

0.611
0.11
0.03
0.008
0.01

SE
0.069
0.034
0.069
0.005
0.041

z-value

p-value

8.781
3.390
0.554
1.547
0.317

<.001
<.001
>0.5
>.1
>.7

0.01, SE = 0.04, p = .75), replicating previous findings (Raviv &

3.1. Looking at the effect of age by modality and stimuli-type: A cross study comparison
Our results show that both visual and auditory SL improve with age, when familiar
sounds are used instead of syllables. This contrasts with previous findings (Raviv &
Arnon, 2018) and suggests that the effect of age differs for linguistic and non-linguistic
stimuli. To explore this claim more directly, we combined our data with that collected by
Raviv and Arnon (2018) and compared the effect of age on the two auditory tasks (one
linguistic and one non-linguistic). The two tasks had very similar exposure and testing
properties. Each task contained five triplets, repeated 24 times, resulting in the same input
statistics. The test phase was also similar, consisting of 25 2AFC trials. The only difference between the tasks was in the duration of the individual stimuli, with syllables having
a shorter stimulus duration than the non-linguistic sounds (250 ms vs. 500 ms, we return
to this difference in the discussion). We included all children between the ages of 6;6
and 12;0 in our analyses. We excluded children under 6;5 (for which we had data in both
tasks) because they did not show learning in the linguistic auditory task (performance
was at chance level). Including them leads to an effect of age for the linguistic task that
only reflects the move from chance to learning (see Raviv & Arnon, 2018 for a more
detailed explanation). This led to a total of 232 children: 119 children in the non-linguistic auditory task (mean age 8;7 years) and 113 in the linguistic one (mean age 8;5 years).
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We ran a mixed effect regression model on the combined data with the same random
and fixed effect structure used to compare the two modalities (see Table 5 and Fig. 2).
We added stimuli-type (linguistic vs. non-linguistic) and the interaction between stimulitype and age (in half-years) to test the prediction that age has a different effect on performance for linguistic and non-linguistic stimuli. In line with this prediction, the effect of
age was not significant (b = 0.003, SE = 0.03, p = .92), but its interaction with stimulitype was (b = 0.08, SE = 0.04, p = .042): Age increased accuracy only in the non-linguistic auditory task2 . A simple-slope analysis confirmed this by showing that the effect
of age was significant for the non-linguistic auditory task (p = .002), but not for the linguistic one (p = .88). To ensure that the interaction does not stem merely from combining two separate samples, we ran another model with the same effect structure on the
combined data from our visual task and the one used in Raviv and Arnon (2018). The
two visual tasks were identical in all exposure and testing properties and differed only in
that one used black-and-white drawings and the other cartoon aliens. In contrast with the
results for the auditory tasks, the effect of age was significant (b = 0.11, SE = 0.03,
p < .001) while the interaction with stimuli-type (aliens vs. drawings) was not
(b = 0.062, SE = 0.04, p = .177, see Table 6).

4. Discussion
In this study, we investigated the effect of modality on the developmental trajectory of
SL during childhood. In particular, we wanted to test the hypothesis that age affects
visual and auditory SL similarly, when non-linguistic auditory stimuli are used. To do so,
we examined the developmental trajectory of visual SL and non-linguistic auditory SL
(using sounds instead of syllables) in a large sample of children between the ages of 5
and 12. In contrast with previous findings (Raviv & Arnon, 2018), we found no difference in the effect of age on performance in the two modalities: Both visual and non-linguistic SL showed improvement during childhood (between the ages of 5 and 12), and
the effect of age was not stronger in one modality. These results suggest that the linguistic nature of the stimuli (syllables), rather than its auditory modality, was responsible for
Table 5
Mixed-effect regression model for the two auditory tasks (linguistic and non-linguistic), ages 5–12, N = 132,
with significant effects in bold
Estimate
(Intercept)
Age
Stimuli-type (non-linguistic)
Gender (male)
Trial number
Order of appearance (first)
Age: Stimuli-type (sounds)

0.285
0.003
0.020
0.063
0.006
0.12
0.124

SE
0.054
0.031
0.007
0.034
0.004
0.031
0.031

z-value
5.272
0.100
0.270
1.860
1.513
4.002
2.208

p-value
<.001
>.9
>.7
=.07
>.12
<.001
<.05

10

A. Shufaniya, I. Arnon / Cognitive Science (2018)

Fig. 2. Accuracy in the two auditory tasks by age (in half years). Each dot represents an accuracy score
(ranging from 0% to 100%) shown by one participant in the relevant age range. The size of the dots reflects
the number of participants who had that score. The two colorful plotted lines represent the linear regression
line for each task, with the standard confidence interval in gray. The gray line represents the 50% chance
level.
Table 6
Mixed-effect regression model for the two visual tasks (using aliens or drawings), ages 5–12, N = 128, with
significant effects in bold
Estimate
(Intercept)
Age
Stimuli-type (aliens)
Gender (male)
Trial number
Order of appearance (first)
Age: stimuli-type (aliens)

0.595
0.11
0.072
0.015
0.005
0.015
0.015

SE
0.065
0.03
0.0091
0.045
0.003
0.028
0.062

z-value
9.091
3.578
0.794
0.332
1.361
0.529
1.438

p-value
<.001
<.001
>.4
>.7
>.16
>.5
>.17

the lack of improvement with age in previous work. To explore this claim more directly,
we combined our data with that collected by Raviv and Arnon (2018) and compared the
effect of age on the two auditory tasks (one linguistic and one non-linguistic). This comparison revealed a significant interaction between age and stimuli type in the auditory
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domain: Accuracy increased with age only for the non-linguistic auditory task. To ensure
the interaction was not driven by combining two separate samples, we also compared the
effect of age on the two visual tasks (one using drawings and the other alien cartoons)
and found no interaction: Age improved performance similarly on both visual tasks.
Taken together, our findings support the hypothesis that the effect of age on performance
is modulated by stimuli-properties, not modality. They further suggest that age invariance
is limited to linguistic stimuli: SL improved with age across modality when non-linguistic
stimuli were used.
Before reaching this conclusion, it is important to consider additional differences
between the stimuli used in each study. In particular, the two auditory tasks differed in
stimulus duration: Each syllable was presented for 250 ms, while each familiar sound
(and the visual images) were presented for 500 ms. The difference in duration raises a
potential challenge to our interpretation: The lack of age effects for the linguistic stimuli
could reflect their shorter duration, rather than their linguistic nature. That is, the positive
effect of age could result from an improvement in other skills, such as strategic processing, which develop with age and may be less available at the shorter presentation rate.
Several factors undermine this alternative explanation. First, such an explanation predicts
that SL will not improve with age at shorter durations. This contrasts with recent developmental data showing that children’s visual SL improves similarly with age for shorter
and longer presentation rates (200 ms, 400 ms, and 800 ms; Arciuli & Simpson, 2011). It
could still be that such an interaction exists only in the auditory domain, but this would
be surprising given that changes in duration impact visual SL more than auditory SL, at
least in adults (Conway & Christiansen, 2009; Emberson et al., 2011). Second, both presentation rates were relatively long (even 250 ms is not a rapid presentation rate for a
single syllable), and the difference between them is not one that is implicated (to our
knowledge) in the activation—or lack thereof—of relevant cognitive processes like memory or attention. Finally, findings from adults suggest that some explicit strategies are
available even at short stimulus durations (250 ms; Bertels et al., 2015), and more important, that their impact on incidental learning may be limited, even for longer durations.
Longer presentation rates led to improved performance only for intentional learning
(when participants were told in advance that shapes appear in recurring triplets), and not
for incidental learning like the one we assessed (Bertals, Destrebecqz, & Franco, 2015).
While it is unlikely that the difference between the two auditory tasks was driven solely
by duration, further work is needed to disentangle the impact of stimulus duration and
stimulus type on the developmental trajectory of SL (we are currently examining the
effect of age on non-linguistic stimuli presented for a shorter duration).
There are several possible explanations for the differential effect of age on linguistic
and non-linguistic auditory stimuli. One possibility is that learning linguistic relations in general is age-invariant; however, this seems implausible given that declarative memory—which
is implicated in various aspects of word learning—improves during childhood (e.g., Ofen
et al., 2007). Alternatively, the lack of age effects may be limited to the kind of syllable
statistics tested. Learning about syllable co-occurrence patterns—the relation we tested and
that is tested in many auditory SL tasks—is necessary for word segmentation, one of the
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first challenges of language acquisition. Learning these particular relations may not change
much after the first year of life, when phonetic categories are established and word segmentation is performed (e.g., Kuhl, Williams, Lacerda, Stevens, & Lindblom, 1992; Werker
& Tees, 1984). Linguistic auditory tasks are sensitive to prior knowledge in a way that
other SL tasks are not (Perruchet, Poulin-Charronnat, Tillmann, & Peereman, 2014; PoulinCharronnat, Perruchet, Tillmann, & Peereman, 2017; Siegelman, Bogaerts, Elazar, Arciuli,
& Frost, 2018), but the effect of that knowledge may not change much after it has been
established. Since knowledge about syllable co-occurrences is already present in early
childhood (Storkel, 2001), our youngest age group (six-year-olds) may have been too “old”
to show age effects. That is, age may still affect linguistic SL, but only at younger ages.
Testing this prediction requires evidence for the entire age range from birth to later childhood, which is extremely hard to come by. Research on SL in children has tended to adopt
the same methods used with adults, where learning is assessed using explicit measures
(e.g., Kidd & Arciuli, 2016; Saffran et al., 1997). These measures are not suitable for use
with younger children (and are not very reliable with older children as well, Arnon, under
review). There is currently no existing SL task that can be used across the entire age
range.
The current findings also have implications for our understanding of the domain-generality versus domain-specificity of SL. The fact that SL is found across modalities has
been used to argue for its domain-generality (Saffran & Thiessen, 2007; Thiessen &
Erickson, 2015). However, there is growing evidence that SL shows modality-specific
constraints and may function differently across modalities (Arciuli, 2017; Conway &
Christiansen, 2005, 2006; Emberson et al., 2011; Frost, Armstrong, Siegelman, & Christiansen, 2015; Siegelman & Frost, 2015). Our findings highlight similarities between
visual and auditory SL and point to the importance of taking stimuli properties into
account when investigating the effect of modality. Previously reported differences (and
similarities) may have been driven not only by modality, but also by the specific stimuli
used. For instance, stimuli choice may modulate overall differences in accuracy across
modalities. Adults show better learning in the auditory domain compared to the visual
one (Conway & Christiansen, 2005; Emberson et al., 2011; Siegelman & Frost, 2015), a
finding taken to reflect the greater sensitivity of audition to temporal regularities. Children, in contrast, show better learning in the visual domain (Raviv & Arnon, 2018; the
current paper). Rather than reflecting a developmental stage, this discrepancy may stem
from the different stimuli used in child and adult studies. The auditory advantage in
adults is found when comparing familiar syllables (auditory) to unidentifiable shapes (visual). The visual advantage in children is found when comparing syllables (auditory) to
cartoon aliens or familiar drawings: In these cases, the visual stimuli is probably easier to
encode and/or remember (it has more semantic content). The existence (and direction) of
a modality-based advantage may depend on the relative familiarity and salience of the
particular visual and auditory stimuli used. More generally, claims about modality-based
differences in SL need to be validated for a range of linguistic and non-linguistic stimuli.
The effect of stimuli choice on performance highlights the impact of prior knowledge
and expectations on SL (Siegelman et al., 2018) and is consistent with a view of SL as a
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multi-component mechanism (Arciuli, 2017). The computations themselves may be
domain-general, and work similarly across modality and stimuli, but nevertheless result in
varying outcomes (and developmental trajectories) because of the difference in the existence and strength of prior knowledge. Under this view, the “uniqueness” of linguistic
stimuli is not related to its auditory nature but reflects the stronger and more entrenched
expectations we have about the temporal regularities of speech. Similar effects could be
found in the processing of visual stimuli for which we have similarly strong expectations
(like letter patterns).
In sum, this study compared the developmental trajectory of visual and non-linguistic
auditory SL. The results show that both improved similarly with age during childhood, in
contrast to linguistic auditory SL, which was age-invariant for the same age range (Raviv
& Arnon, 2018). While additional work is needed to understand the effect of stimulus
duration on SL during development, these findings highlight the stimuli-sensitive nature
of SL and suggest that previously found differences were not driven solely by modality.
As such, they are consistent with the view that SL is not a unitary, stable capacity, but
rather one that is sensitive to both stimulus and modality features.
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Notes
1. These children were removed because they are showing a clear dispreference for
the familiar items, suggesting they did not understand the forced-choice task. The
results do not change is they are included.
2. Based on Emberson et al. (2011) we would have expected performance on the linguistic task to be higher overall than the non-linguistic task because of its’ shorter
duration, but this was not the case. It is hard to directly compare the two studies
since the intervals between stimuli in Emberson et al. (2011) were much longer
than in the current study: Because they used interleaved visual and auditory
streams, their long presentation rate, where auditory SL deteriorated, had a gap of
up to 2,250 m between individual elements (see p. 1029 in that paper). It may be
that auditory SL only deteriorates at very slow presentation rates, slower than the
one we used
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Appendix A: List of stimuli used for both tasks
1. Non-linguistic auditory task (familiar sounds): “bird tweet,” “running water,” “goat
bleat,” “opening door,” “dog bark,” “bouncing ball,” “trumpet,” “cat meow,” “duck
quack,” “frog quack,” “cuckoo clock,” “bell,” “chord,” “whistle,” and “cow moo.”
2. Visual task: black-and-white drawings (taken from Alario & Ferrand, 1999) of
house, book, cake, dog, cat, airplane, shoe, fish, ball, banana, fork, flower, bottle,
chair, and butterfly.
Example images:

