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Abstract
Do commonly used statistical-learning tasks capture stable individual differences in children? Infants, children, and adults are
capable of using statistical learning (SL) to extract information about their environment. Although most studies have looked at
group-level performance, a growing literature examines individual differences in SL and their relation to language-learning
outcomes: Individuals who are better at SL are expected to show better linguistic abilities. Accordingly, studies have shown
positive correlations between SL performance and language outcomes in both children and adults. However, these studies have
often used tasks designed to explore group-level performance without modifying them, resulting in psychometric shortcomings
that impact reliability in adults (Siegelman, Bogaerts, Christiansen, & Frost in Transactions of the Royal Society B, 372,
20160059, 2017a; Siegelman, Bogaerts, & Frost in Behavior Research Methods, 49, 418–432, 2017b). Even though similar
measures are used to assess individual differences in children, no study to date has examined the reliability of these measures in
development. This study examined the reliability of common SL measures in both children and adults. It assessed the reliability
of three SL tasks (two auditory and one visual) twice (two months apart) in adults and children (mean age 8 years). Although the
tasks showed moderate reliability in adults, they did not capture stable individual variation in children. None of the tasks were
reliable across sessions, and all showed internal consistency measures well below psychometric standards. These findings raise
significant concerns about the use of current SL measures to predict and explain individual differences in development. The
article ends with a discussion of possible explanations for the difference in reliability between children and adults.
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Infants, children, and adults are constantly exposed to recur-
ring patterns in their environment and manage to learn and
generalize from them. This ability—often called statistical
learning (SL)—is postulated to be one of the important mech-
anisms in language learning and in learning more generally

(e.g., Erickson & Thiessen, 2015). Statistical learning in in-
fants was demonstrated in a seminal study showing that 8-
month-old infants can use distributional information about
syllable co-occurrence to discover word boundaries (Saffran,
Aslin, & Newport, 1996). This study led to a surge in research
probing this ability in both infants and adults. Research over
the past 20 years has shown that statistical learning is present
from early infancy (Bulf, Johnson, & Valenza, 2011), is found
across modalities (visual, auditory, and tactile; Conway &
Christiansen, 2005; Kirkham, Slemmer, & Johnson, 2002),
and can be used to learn a range of linguistic properties (e.g.,
phonetic categories, word order, and phrase structure; see
Romberg & Saffran, 2010, for a review). These studies, which
assessed learning at the group level, serve as a Bproof of
concept^: They show that humans are capable of using distri-
butional information to extract complex structure from their
environment.

Recent years have seen growing interest in the predictive
relation between SL and individual differences in language
learning (Siegelman, Bogaerts, & Frost, 2017b; Siegelman
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& Frost, 2015). Variation in SL is predicted to correlate with
language outcomes: Individuals who are better at SL are ex-
pected to also show better linguistic abilities. Similarly, diffi-
culty with SL may contribute to impaired language perfor-
mance in children with atypical language development
(Mainela-Arnold & Evans, 2014). Indeed, a growing number
of studies find correlations between SL measures and lan-
guage outcomes. In adults, performance on visual SL has been
related to better literacy outcomes in L2 (Frost, Siegelman,
Narkiss, & Afek, 2013), syntactic processing (Misyak &
Christiansen, 2012; Misyak, Christiansen, & Tomblin,
2010), and speech perception (Conway, Bauernschmidt,
Huang, & Pisoni, 2010). Similar findings have been reported
for children, for whom visual SL is predictive of syntactic
processing (Kidd, 2012; Kidd & Arciuli, 2016), early literacy
skills (Arciuli & Simpson, 2012), and vocabulary size
(Spencer, Kaschak, Jones, & Lonigan, 2015). Work with in-
fants also suggests links between SL performance and later
learning, with visual SL predicting later vocabulary size (Ellis,
Robledo Gonzalez, & Deák, 2014; Shafto, Conway, Field, &
Houston, 2012) and auditory SL predicting real-time language
processing (Lany, Shoaib, Thompson, & Graf Estes, 2018).

Taken together, these findings suggest a strong link be-
tween SL performance and variations in language outcomes.
However, this interpretation is dependent on the reliability of
the SL measures used. If SL measures are not reliable, it is
hard to interpret their correlations with other measures: We
cannot know how much of the observed interindividual var-
iation reflects measurement error and howmuch reflects sta-
ble, andmeaningful variation.Despite extensive use over the
past 20 years, relatively littlework has examinedor validated
the psychometric properties of current SL measures. When
used to assess group-level performance, this question is less
pressing:We are looking precisely for effects that generalize
beyond individual differences in performance. However, re-
liability is a crucial issuewhen such tasks are used to estimate
individual differences. A series of recent studies has raised
doubts about the suitability of commonly used SL tasks for
assessing individual differences in adults (Siegelman,
Bogaerts, Christiansen, & Frost, 2017a; Siegelman,
Bogaerts, & Frost, 2017b). These studies highlight the fact
that many studies of individual differences of SL adopt the
same tasks used to explore group-level performance without
modifying them, resulting in psychometric shortcomings.
Many adult studies employ a word segmentation task
modeled on the original Saffran et al. (1996) task (often
called ASL), or a visual parallel that uses novel shapes in-
stead of syllables (VSL,modeled on Turk-Browne, Jungé,&
Scholl, 2005). In these tasks, participants have to detect re-
curring triplets (visual or auditory) in a continuous stream
based on their statistical properties (see Table 1 in
Siegelman, Bogaerts, & Frost, 2017b, for a summary of
methods used in recent studies).

Although the implementation of these tasks differs across
studies, they share several properties that undermine their suit-
ability as a measure of individual differences (Siegelman,
Bogaerts, Christiansen, & Frost, 2017a; Siegelman,
Bogaerts, & Frost, 2017b). In particular, they have relatively
few testing trials, all at the same level of difficulty; they repeat
items during testing; they use two-alternative forced choice
trials to assess learning after exposure; and show accuracy that
is usually not much higher than chance, meaning that many
participants perform at chance level. These characteristics re-
duce task reliability and may lead to the detection of spurious
correlations on the one hand, and the underdetection of true
correlations on the other (see Siegelman, Bogaerts, & Frost,
2017b, for simulations demonstrating this). This literature out-
lines several ways that the reliability of SL measures can be
improved, for example by increasing the number and type of
test trials (Siegelman, Bogaerts, Christiansen, & Frost, 2017),
making the testing more implicit (Isbilen, McCauley, Kidd, &
Christiansen, 2017), or using online measures of learning dur-
ing exposure (Siegelman, Bogaerts, Kronenfeld, & Frost,
2018a). Despite these shortcomings, commonly used SLmea-
sures (the ASL and VSL discussed above) seem to capture
stable individual variation in adults: They show test–retest
reliability between sessions and internal consistency within
sessions, though these measures are often below psychometric
standards (test–retest of around .5: Siegelman & Frost, 2015;
Potter, Wang, & Saffran, 2017; split-half reliability of around
.8: Siegelman, Bogaerts, & Frost, 2017b).

Even though very similar measures are used to assess
individual differences in children, and even though child
data is often noisier and less stable, no study to date has
examined their reliability in development. We do not
know if commonly used SL tasks capture stable variation
in children, a gap that limits our ability to interpret their
reported correlations with language outcomes during
childhood.1 Moreover, there are several reasons to suspect
that children will be more affected by the shortcomings of
these tasks, leading to less stable performance and lower
reliability. For starters, children show lower accuracy than
adults (Raviv & Arnon, 2017), meaning that even more of
them are at chance (making their scores less informative
for predicting variation in other outcomes). The way that
learning is assessed poses additional challenges: Children
have a harder time with explicit judgments like the ones
used in these tasks (in which they have to choose between
two forms), and performance on them is often not a good
indicator of their knowledge (see the current debate in the
theory-of-mind literature; e.g., Southgate, Senju, &

1 The tasks used with infants have similar properties but differ in that learning
is assessed implicitly, a point that we will return to in the Discussion section.
We focus here on tasks that assess learning in the same way in children and
adults.
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Csibra, 2007). This difficulty may be compounded by the
repetition of test items and foils (increasing confusabiltiy),
and by the relatively small number of test trials (so that
fluctuations in attention can have a big effect on the over-
all score). Finally, the range of SL tasks in the child indi-
vidual difference literature is even more limited than in
the adult literature: Four of the five published studies with
children (Arciuli & Simpson, 2012; Kidd, 2012; Kidd &
Arciuli, 2016; Mainela-Arnold & Evans, 2014; Spencer
et al., 2015) use either the ASL or the VSL with similar
exposure and testing properties (four to six triplets, 36–64
testing trials, learning assessing learning using two-alter-
native forced-choice trials with repetition of test items and
foils during testing. That is, our knowledge about the re-
lation between SL and language outcomes in children is
based on findings from a small set of tasks that are not
ideally suited to measure individual differences.

In line with these concerns, the correlations between SL
and language outcomes during development are small, and
weaker than those found for adults. Although the correla-
tions in adults tend to be moderate (r = .4–.6), those of
children are lower, suggesting a weaker relationship be-
tween the variance captured by SL measures and language
outcomes (ranging between r = .1 and .34, see Table 1 in
Siegelman, Bogaerts, Christiansen, & Frost, 2017a).
Moreover, the pattern of correlations is not consistent even
when using the same language measures. For instance,
Kidd (2012) and Kidd and Arciuli (2016) found no corre-
lation between SL and vocabulary measures in children
whereas Spencer et al. (2015) did. The low correlations
and the fluctuations between studies may both stem from
the tasks not having sufficient reliability.

The present study was designed to examine the reliabil-
ity of commonly used SL measures in children and adults.
This was done by assessing the reliability of three SL
tasks (two auditory and one visual) that are closely
modeled on ones used in the child individual-difference
literature. The first study looked at adults, with the aim of
providing a reliability baseline for the precise measures
that would then be tested with children: It is theoretically
possible that child-friendly tasks would also have lower
reliability in adults, because of their shorter exposure and
reduced number of items. The second study examined the

reliability of the same three tasks in children aged seven
to nine years (mean age 8 years 2 months [8;2]) in two
different samples. In the first sample, the reliability of the
three SL tasks was assessed in the same children. The
second sample provided additional reliability estimates
for a modified version of the linguistic auditory task
(ASL), which is assumed to be most related to language
outcomes. I focused on this age group because children of
this age have shown learning at the group level (Raviv &
Arnon, 2017), and their performance has been reported to
be correlated with language outcomes (e.g., Kidd &
Arciuli, 2016). Reliability was evaluated in two ways:
(1) by looking at the internal reliability and consistency
of tasks within each session (using split-half reliability
and Cronbach’s alpha coefficients) and (2) by examining
their test–retest reliability two months apart. The study
also assessed verbal working memory using an auditory
digit span task in both sessions. Collecting this measure
served as a sanity check, because it is known to be stable
within individual children and is therefore expected to
show high test–retest reliability (Gathercole, Willis,
Baddeley, & Emslie, 1994). If SL tasks tap onto stable
individual differences in children, they should be correlat-
ed across the two test sessions. If they do not, this would
raise significant concerns about their use to predict and
explain individual differences in development.

The SL tasks were closely modeled on those previously
used to examine individual differences in children (e.g.,
Kidd, 2012; Kidd & Arciuli, 2016; Spencer et al., 2015).
The tasks used were (1) a linguistic auditory task, in which
participants were exposed to recurring triplets of syllables; (2)
a nonlinguistic auditory task, in which the syllables were re-
placed with familiar sounds (dog barking, bell, drum), using
stimuli from Siegelman, Bogaerts, Arciuli, Elazar, and Frost
(2018b); and (3) a visual task, in which participants saw re-
curring triplets of familiar object drawings (e.g., car, door,
plate). This task resembled the child-friendly visual SL task
developed by Arciuli and Simpson (2011). All three tasks
required learners to detect recurring triplets in a continuous
temporal input. Although the tasks differed in the stimuli used
(syllables vs. nonlinguistic sounds vs. drawings), they were
comparable in terms of the distributional information learners
were exposed to and in the number and nature of the test trials.

Table 1 Means and ranges for all tasks in both sessions for adults (including SDs in brackets and comparison to chance level)

Task First session accuracy Range Second session accuracy Range

Linguistic ASL 71% (13)*** 40%–100% 74% (14)*** 40%–100%

Nonlinguistic ASL 71% (15)*** 44%–100% 69% (19)*** 24%–100%

Visual SL 87% (15)*** 44%–100% 88% (18)*** 32%–100%

Working memory 10.2 (1.78) 6–14 10.4 (1.54) 8–13

*** Significantly above chance, p < .001
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General method

Materials

Since the same SL tasks will be used with children and adults,
they are described here, before the results of the two studies
are reported. In all three SL tasks, participants were exposed to
a continuous stream made up of five recurring triplets. The
transitional probabilities (TPs) between elements within a trip-
let were always 1, whereas the TPs between triplets were .25
(because elements were not repeated across triplets and be-
cause each triplet could be followed by any of the other four).
Following exposure, participants’ knowledge of the triplets
was assessed using 25 two-alternative forced choice trials.
The stimuli are described for each task separately, and then
in the next section the identical testing phase is described (see
the Appendix for the full stimulus list). Verbal working mem-
ory was assessed using the forward digit span task, in which
participants have to recall lists of numbers growing in size,
from three to nine (Kaufman, 1994). The test is discontinued if
the participant fails on two consecutive trials. Participants’
scores represented the number of sequences correctly recalled
(with the maximal score being 14). The procedure was iden-
tical to that used in Kaufman (1994), with one change: we
only used the digits 1-5 with children, to prevent arithmetic
ability from affecting performance (Havron & Arnon, 2017).

Linguistic auditory task The auditory stimuli consisted of a
synthesized Balien^ language, containing five unique trisyl-
labic words (gedino, dukame, kimuga, nalobi, tobelu), made
up of 15 different syllables (taken from Glicksohn & Cohen,
2013; see the Appendix for all items). Syllables were created
using the PRAATsynthesizer (Boersma & van Heuven, 2001)
and were matched on pitch (~ 76 Hz), volume (~ 60 dB), and
duration (250–350 ms). The words were created by
concatenating the syllables using MATLAB, to ensure that
there were no co-articulation cues to word boundaries. The
words were matched for length (average word length 860
ms, range = 845–888 ms). Words were concatenated together
in a semirandomized order (with the constraint that no word
would appear twice in a row) to create an auditory familiari-
zation stream. The exposure phase lasted 2:20 min, with each
word repeated 32 times with no breaks between words and no
prosodic or co-articulation cues in the stream to indicate word
boundaries. All participants were exposed to the same five
triplets: Using the same familiarization stream is a common
feature of ASL tasks (starting from Saffran et al., 1996, and
repeated across many studies). Here the stream was used in
both sessions because group performance on this task seems
to be affected by the exact syllable combinations in ways that
are not fully understood (Erickson, Kaschak, Thiessen, &
Berry, 2016; Siegelman et al., 2018b). The concern was that
changing the triplets would introduce variation that could not

be predicted (I will return to the possible implications of this in
the follow-up study).

Nonlinguistic auditory task This task was very similar to the
linguistic task except that syllables were replaced with familiar
nonlinguistic sounds (e.g., bell, dog barking). The auditory stim-
uli contained five unique triplets made up of 15 different sounds.
Unlike the linguistic task, triplets were generated anew for each
participant, so that each participant heard a different set of trip-
lets. Triplets were changed between sessions so that participants
did not hear the same triplets in both. Average sound length was
500 ms (range 450–550 ms). Triplets were concatenated in a
semi-randomized order, with the constraint that no triplet would
appear twice in a row. The exposure phase lasted 3 min, with
each triplet repeated 24 times.

Visual task This task had similar properties to the previous two,
but in the visual domain. The visual stimuli consisted of a con-
tinuous temporal stream of black and white drawing of familiar
objects (e.g., plane, door), containing five unique triplets of
drawings (a total of 15 different drawings). Line drawings were
selected from the Snodgrass and Vanderwart (1980) database
that had high naming agreement based on Alario and Ferrand
(1999). All names had high frequency in Hebrew and early age
of acquisition (Maital, Dromi, Sagi, & Bornstein, 2000). All
images were equally sized and were presented in the center of
the screen. Each drawing appeared on the screen for 500 ms,
with a 100-ms break between figures—resulting in a 1,800-ms
presentation time for each triplet. The triplets were generated
anew for each participant and changed between sessions. For
each participant, the five triplets were concatenated together in a
semirandomized order (with the constraint that no triplet would
appear twice in a row). The exposure phase lasted 3:30 min,
with each triplet repeated 24 times.

The test phase

The test phase was the same for the three tasks and included 25
two-alternative forced choice trials in which participants had to
choose between two triplets (separated by 500 ms). On each
trial, participants heard a real triplet (that had appeared in the
exposure stream) either followed or preceded by a foil triplet
(the order was counterbalanced so that on half of the trials the
real triplets appeared first). Foil triplets were constructed by
taking the first syllable/sound/drawing from one triplet, followed
by the second syllable/sound/drawing from another triplet, and
the third syllable/sound/drawing from a third triplet. Thus, each
element in the foil triplets appeared in a similar position in real
triplets, but with different surrounding syllables (e.g., Bkilome^
or Bdubega^). This created a difference in the statistical proper-
ties of the real triplets and the foils: Whereas the TPs between
every two adjacent elements within a real triplet were 1, the TPs
between every two syllables in a foil test item were 0, because
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participants had never heard these elements one after the other
during familiarization. If participants learned the statistical prop-
erties of the stream, they should be able to distinguish between
real triplets and foils. Scores on each task could range from 0%
accuracy (0/25 trials correct) to 100% (25/25 trials correct).
Trials were presented in a random order, with the constraint that
the same triplet/foil did not appear in two consecutive trials

Study 1: The reliability of child-friendly SL
tasks in adults

Method

Participants A total of 52 adults participated in both testing
sessions (mean age 23 years; 33 females and 19 males). All
were university students and received payment for participa-
tion. All were native Hebrew speakers and none had any
learning, hearing, or language impairments.

Procedure Participants were tested in a quiet room in the lab
while seated in front of a computer. They completed all four
tasks (three SL tasks and working memory tasks) in both ses-
sions. Task order was semirandomized. There were three possi-
ble orders for the SL tasks (linguistic auditory, visual, nonlin-
guistic auditory; visual, nonlinguistic auditory, linguistic audito-
ry; and nonlinguistic auditory, linguistic auditory, visual). Verbal
working memory was tested in between the SL tasks.
Participants were tested in different orders in each session.
Each session took 30min to complete. In the two auditory tasks,
participants were told they will be learning a novel alien lan-
guage (linguistic auditory) or song (nonlinguistic auditory).
Following exposure, participants were asked to say which of
two word/sound sequences was more like the language/song
they had just heard. In the visual task, they were told that they
were about to see objects that aliens are taking back to their
country. Following exposure, participants were asked to help
the spaceship commander remember which objects were taken
into the spaceship together. After hearing/seeing both possibili-
ties, participants were asked to press either B1^ or B2,^ depend-
ing onwhether they thought the correct triplet was the first or the
second they had heard. In cases in which participants felt they
didn’t know the answer, they were encouraged to guess.

Results

Performance on SL tasks in the two sessions Task order did
not have a significant effect on performance in any of the SL
tasks in both sessions, so results from the three orders were
collapsed (p’s > .4 for all tasks, obtained using mixed-effect
regression models predicting trial accuracy from order for
each task separately). Gender also did not affect performance
(ps > .3 for all tasks). Adults showed learning in all tasks (see

Table 1). Performance did not improve significantly for any of
the tasks (ps > .2), as has been previously found (Siegelman &
Frost, 2015). Performance was better on the visual task than
on the two auditory ones [visual vs. linguistic auditory:
Session 1 t(51) = 5.21, p < .001, Session 2 t(51) = 4.19, p <
.001; visual vs. nonlinguistic auditory: Session 1 t(51) = 6.77,
p < .001, Session 2 t(51) = 6.4, p < .001], in line with previous
findings with (Siegelman & Frost, 2015). The ranges and SDs
for all tasks were similar in both sessions, indicating that there
wasn’t a change in the distribution of performance.

Assessing the reliability of the SL tasks The reliability of SL
was evaluated by looking at the internal reliability and consis-
tency of tasks within each session and by examining their test–
retest reliability across the two sessions. To examine the internal
reliability and consistency, the split-half and Cronbach’s alpha
coefficients were calculated for each task in each session (using
the psychometric::alpha function in R): Both measures give an
indication of how well each item predicts overall performance
and of whether performance on different items is correlated, as
would be expected if it reflects learning of the statistical structure
of the input. To evaluate the test–retest reliability of the SL tasks,
I looked at the correlation of performance on the same task in the
two sessions. Table 2 shows the three reliability measures for all
tasks in both sessions for adults.

Importantly, all three tasks showed moderate reliability,
though it was generally lower than advised psychometric stan-
dards. The measures were also not entirely consistent: The
linguistic auditory task had the lowest internal reliability
(Cronbach’s alpha of .57–.63, below the advised values of
.8–.95; see Streiner, 2003), but the visual one had the lowest
between session reliability (.45, below the advised .7 value).
Although all three test–retest correlations were significant,
their values were lower than what is expected from tools
assessing individual traits (Ellis et al., 2014; Nunnally &
Bernstein, 1994). Unsurprisingly, the estimates are somewhat
lower than found for similar SL tasks that were modified to
better capture individual differences by increasing the test tri-
als and varying their difficulty and kind (Siegelman, Bogaerts,
& Frost, 2017b). These results show that our tasks have mod-
erate reliability in adults while highlighting their limitation as
a tool for assessing individual differences (even in adults).

Correlations between the tasks Table 3 shows the correlation
between the three SL tasks in the two sessions. The pattern of
correlations was stable across sessions, another indication of
task stability: The two auditory tasks were not correlated,
whereas visual task and the nonlinguistic auditory task were.
This pattern of correlation may seem counterintuitive because
the tasks do not group together on the basis of modality; how-
ever, it is compatible with a set of recent findings suggesting
that tasks using linguistic stimuli (like syllables) behave dif-
ferently from tasks using nonlinguistic stimuli, regardless of
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modality (Siegelman et al., 2018a; Shufaniya&Arnon, 2018).
An additional stable pattern was the positive correlation be-
tween the SL tasks and working memory, a pattern that has
been reported in some adult studies (Misyak & Christiansen,
2012) but not others (Siegelman & Frost, 2015). We will re-
turn to both findings in the Discussion section.

Study 2a: Reliability of SL measures
in children

Method

Participants In all, 44 children participated in the first testing
session. Three children were absent from school during the
second testing session, so the final sample comprised of 41
children (22 girls, 19 boys). Children were in second or third
grade (mean age 8;2, range 7;2–9;0); all were native Hebrew
speakers and none had known learning, hearing or language
impairments. Parental consent was obtained for all participat-
ing children. Children received a small educational reward.

Procedure Children were tested in a quiet room in their school,
while wearing noise-cancelling headphones. The procedure was
identical to that of adults with the only difference being that an
experimenter sat next to the child and read out the instructions to
them. Children completed all four tasks (three SL tasks and the
auditory digit span) in both sessions, each child was randomly
assigned to one of the three possible task orders. Verbal working
memory was assessed in between the SL tasks. Children were
tested in different orders in each session. Each session took
30 min to complete. At the start of each session, children were

told they will be playing a few games with the experimenter and
can stop at any time. During the linguistic auditory task, children
were told that they were about to hear an alien language.
Following exposure, children were told that they were about to
hear an alien who is not a good speaker of the alien language,
and that they must help him by telling him which of the two
words he says sounds more like the alien language they just
heard. In the nonlinguistic auditory task, children were told to
learn an alien song and then say which sound sequence is more
like the alien song they just heard. In the visual task, children
were told that they were about to see objects that aliens are
taking back to their country. Following exposure, children were
asked to help the spaceship commander remember which ob-
jects were taken into the spaceship together. After hearing/seeing
both possibilities, children were asked to press either B1^ or B2^
according to whether they thought the correct triplet was the first
or the second they heard. In cases in which children felt they
didn’t know the answer, the experimenter encouraged them to
try and guess.

Results

Performance on SL tasks in the two sessions Table 4 shows
group-level performance on all tasks. Task order did not have
a significant effect on performance in any of the SL tasks in
both sessions, so results from the three orders were collapsed
(ps > .2). Gender also did not affect performance (ps > .6).
Children showed learning across modalities and stimulus
types, though accuracy was lower than for adults. Children
were significantly above chance for all tasks in the first session
and for the linguistic–auditory and visual task in the second
session [see Table 4; first session: visual, t(40) = 7.48, p <

Table 2 Internal consistency and reliability measures in adults for all tasks in both sessions (with 95% CIs in brackets)

Linguistic auditory Nonlinguistic auditory Visual

1st Session 2nd Session 1st Session 2nd Session 1st Session 2nd Session

Internal consistency .57 [.42, .71] .63 [.50, .74] .68 [.57, .78] .79 [.72, .86] .83 [.76, .88] .91 [.88, .94]

Split-half reliability .43 [.18, .63] .54 [.31, .71] .69 [.52, .81] .62 [.41, .76] .72 [.55, .83] .82 [.70, .89]

Test–retest r = .61*** [.41, .76] r = .70*** [.53, .82] r = .45*** [.20, .64]

*** p < .001

Table 3 Simple bivariate Pearson correlations in adults between the different SL tasks in both sessions (significant correlations in bold)

First session Second session

Nonlinguistic Visual WM Nonlinguistic Visual WM

Linguistic .07 – .09 .28* .20 – .09 .23

Nonlinguistic .41** .32* .39** .26*

Visual .38** .31*

* p < .05, ** p < .01
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.001; nonlinguistic auditory, t(40) = 4.43, p < .001; linguistic
auditory, t(40) = 4.71, p < .001; second session: visual, t(40) =
7.24, p < .001; nonlinguistic auditory, t(40) = 1.44, p = .15;
linguistic auditory, t(40) = 7.33, p < .001]. Only the linguistic
auditory task improved between sessions [t(40) = 2.74, p <
.01]. The ranges and SDs for all tasks were similar in both
sessions, indicating that there wasn’t a change in the distribu-
tion of performance.

In line with prior findings (Raviv & Arnon, 2017), children’s
accuracy was higher on the visual task than on the two auditory
tasks in both sessions [Session 1: visual vs. linguistic, t(40) =
3.53, p < .001, visual vs. nonlinguistic, t(40) = 3.20, p < .01;
Session 2: visual vs. linguistic auditory, t(40) = 2.26, p < .05;
visual vs. nonlinguistic auditory, t(40) = 6.35, p < .001]. The
relation between the linguistic and nonlinguistic auditory tasks
changed between sessions: In the first session, performance did
not differ on the two tasks [t(40) = – 0.71, p > .4] whereas in the
second session performance was better on the linguistic task than
on the nonlinguistic one [t(40) = 3.85, p < .001]. In sum, children
showed learning on all tasks (though lower than adults); they
were better in the visual task than the auditory one; and did not
perform consistently better on one of the auditory tasks.

Assessing the reliability of the SL tasks Turning to our main
research question, the reliability of the SL tasks was evaluated
using the same reliabilitymeasures usedwith adults (Cronbach’s
alpha coefficients and split-half reliability within session and
test–retest reliability across sessions). Table 5 shows the three
reliability measures for all tasks in both sessions.

There are several important patterns to notice. First, in con-
trast with the adult data, these tasks are not reliable in children.
All reliability measures were well below psychometric stan-
dards: Both the Cronbach’s alpha coefficients and the split

half-reliability varied greatly between tasks (from – .04 for
the linguistic auditory task to .68 for the visual one) and were
below recommended values for standard tests (Streiner, 2003).
Test–retest reliability was also lower than had been found for
adults, and well below psychometric norms. In fact, only the
linguistic auditory task showed any correlation between ses-
sions, with a low correlation of r = .33 (meaning that only
32% of the variance was shared between test and retest).
Importantly, this task differed from the other two in that trip-
lets were repeated between sessions. Even though participants
were learning the same Bwords,^ the correlation in perfor-
mance between sessions was low (we will return to this point
below). Crucially, verbal working memory did show the ex-
pected test–retest reliability between the two sessions (r = .67,
p < .001), which was similar in magnitude to that reported in
the literature for this age group (Gathercole et al., 1994). The
second striking pattern is the lack of consistency on the three
measures. The auditory linguistic task, which showed the
highest test–retest reliability, had the lowest values on the
two other measures. The visual task, which showed the
highest internal consistency, had no test–retest reliability.

To further explore these findings, an aggregated SL scorewas
calculated for each participant based on the average performance
on the three tasks. Taking an aggregated measure may increase
the stability of the measure. When using this aggregated mea-
sure, the correlation between sessions was still low (r = .31, p =
.046), and in fact was lower than the correlation between the two
linguistic auditory tasks, indicating that the other two tasks were
not contributing much to the correlation. Moreover, the empiri-
cal and theoretical motivation for using an aggregate score is
weak, given that performance on the different tasks was not
systematically correlated within an individual (see Table 6). I
calculated how many children were above chance on each of

Table 4 Means and ranges for all tasks in children (including comparison to chance performance) in both sessions

Task First session accuracy Range Second session accuracy Range

Linguistic ASL 57% (10)** 40%–84% 63% (10)*** 40%–84%

Nonlinguistic ASL 59% (13)** 36%–92% 52% (11) 32%–80%

Visual SL 69% (15)*** 36%–92% 69% (16)*** 32%–96%

Working memory 6.5 (1.39) 4–11 7.1 (1.13) 5–10

** Significantly above chance, p < .01, *** Significantly above chance, p < .001

Table 5 Internal consistency and reliability measures in children for all tasks in both sessions (with 95% CIs in brackets)

Linguistic ASL Nonlinguistic ASL Visual

1st Session 2nd Session 1st Session 2nd Session 1st Session 2nd Session

Internal consistency .05 [– .33, .37] .27 [.01, .52] .43 [.20, .62] .2 [– .12, .46] .68 [.56, .79] .72 [.62, .82]

Split-half reliability – .04 [– .34, .26] .22 [– .08, 0.5] .37 [.07, .60] .08 [– .22, .38] .59 [.36, .76] .46 [.18, .67]

Test–rest reliability r = .33, p = .035 [.02, .57] r = .24, p = .1 [.06, .51] r = .01, p > .9 [– .29, .31]
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the tasks. Even when children as a group were above chance,
many individual learners may be performing at chance level,
making it difficult to interpret any correlation between their
scores. Following Siegelman, Bogaerts, and Frost (2017b), the
binomial distribution was used to determine chance level for an
individual learner. Since there were 25 test trials in each task,
the threshold was set to 17 or more correct responses (p < .05).
Very few individuals were above chance in the same task in
both sessions (another indication of low reliability): only five
children for the linguistic auditory task, one for the nonlinguis-
tic auditory task, and 14 for the visual one. The examination of
individual patterns highlights another problematic aspect of
these tasks (which has been previously noted by Siegelman,
Bogaerts, Christiansen, & Frost, 2017a): The relatively low
performance rates mean that many participants are at chance,
making their scores uninformative for predicting variation in
other measures. We will return to this point in the Discussion.

Correlations between the tasks Table 6 shows the correlations
between the three SL tasks in the two sessions. In contrast with
the adult findings, and in line with their low reliability, the pattern
of correlations between SL tasks was not stable across the two
sessions (cf. Table 3). In the first session, the two auditory tasks
were correlated, but neither correlated with the visual task.
However, an opposite pattern was observed in the second ses-
sion: Now the two auditory tasks were correlated with the visual
task, but not with each other. The lack of stable correlation pat-
ternmakes it hard to interpret the relation between the three tasks.

The relation between the SL tasks and working memory
was stable across sessions, and different from what was found
with adults: None of the SL tasks were correlated with verbal
working memory in both sessions, replicating previous find-
ings with children (Kidd, 2012; Kidd & Arciuli, 2016).
Importantly, the lack of reliability makes it hard to interpret
any of these correlations in a meaningful way.

Study 2b: Reliability of a linguistic–auditory
task without repeated triplets in children

Our results indicate that all three tasks have low to nonexistent
reliability in children. They also suggest that the linguistic

auditory task has slightly better reliability: It was the only one
to show any correlation between the two sessions. Although
this could be related to the linguistic nature of the stimuli (and
hence have interesting theoretical implications), it is more likely
that it reflects a methodological difference between the tasks.
The linguistic task was the only one in which triplets were
repeated between sessions, so participants were tested on the
same language in both sessions. It was also the only task in
which accuracy was higher in the second session. The im-
proved accuracy and reliability could have been driven by chil-
dren’s memory of specific triplets rather than by an increased
stability of the measure. To investigate this, an additional study
was run (with a new sample of children) looking only at the
linguistic auditory task, but this time using different triplets in
each session. If triplet repetition was responsible for the corre-
lation between sessions, it should not be found with this mod-
ified task. Children also completed the digit span in both ses-
sions since this is expected to show reliability between sessions.

Method

Participants In all, 38 children participated in the first testing
session. Two children were absent from school during the
second testing session, so the final sample comprised 36 chil-
dren (21 girls, 15 boys). Children were in second or third
grade (mean age 7;9, range 7;2–8;9); all were native Hebrew
speakers, and none had known learning, hearing or language
impairments. Parental consent was obtained for all participat-
ing children. Children received a small educational reward.

Materials: Linguistic auditory task The auditory stimuli were
created in the exact same way as in the previous two study, but
now there were two different Blanguages,^ each made up of
five unique trisyllabic words. Language 1 was identical to the
one in the previous study (gedino, dukame, kimuga, nalobi,
tobelu; language2). Language 2 was created from the same
inventory of consonants and vowels, but without reusing
any of the syllables used in Language 1 (bakomi, detula,
golike, mudano, tinebu). All syllables were created using the
PRAATsynthesizer (Boersma & van Heuven, 2001) and were
matched on pitch (~ 76 Hz), volume (~ 60 dB), and duration
(250–350 ms). The words were created by concatenating the

Table 6 Simple bivariate Pearson correlations in children between the different SL tasks in both sessions, with 95% CIs in brackets

First session Second session

Nonlinguistic Visual WM Nonlinguistic Visual WM

Linguistic .38* – .14 .04 – .20 .28 .07

Nonlinguistic .12 – .11 .33* .03

Visual – .014 – .007

* Significantly above chance, p < .05
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syllables using MATLAB and were matched for length. For
both languages, words were concatenated together in a semi-
randomized order (with the constraint that no word would
appear twice in a row) to create an auditory familiarization
stream. The exposure phase lasted 2:20 min, with each word
repeated 32 times. To control for possible differences between
the languages, which language participants heard first was
counterbalanced. Half of them heard Language 1 in the first
session and Language 2 in the second session, and the second
half heard Language 2 first and Language 1 second.
Importantly, each participant was exposed to a different lan-
guage in the two sessions.

Procedure Identical to the previous study. Children were tested in
a quiet room in their school. They were tested twice, two months
apart. All children completed the linguistic auditory task followed
by the digit span. The study took around 10 min to complete.

Results

Performance in the two sessions Children showed learning in
both sessions [first session: 59%, range 40%–76%, t(35) =
6.28, p < .001; second session: 57%, range 32%–72%, t(35)
= 4.40, p < .001], with accuracy rates similar to the ones found
in the previous study. Performance was similar for the two
languages, suggesting both were equally easy to learn [60%
vs. 56%, t(35) = – 1.8, p > .07]. Importantly, accuracy did not
improve between sessions [59% vs. 57%, t(35) = 1.02, p > .3],
indicating that triplet repetition had driven the improvement in
the previous study.

Assessing reliability Reliability was evaluated using the same
measures used before. As predicted, when triplets were not
repeated, the correlation between sessions was no longer sig-
nificant (r = – .15 [– .46, .17], p > .3), indicating that the low
correlation previously found did not reflect increased stability.
The task was not reliable on any of the other measures, as
well, and in fact showed reliability that was even lower than
in the previous study (split-half: first session = .08 [– .23, .39],
second session = .04 [– .29, .36]; Cronbach’s alpha: first ses-
sion = – .3 [– .8, .15], second session = – .08 [– .54, .29]).2

Crucially, working memory did show the expected test–retest
reliability between the two sessions (r = .41, p < .01). These
results confirm that the task is not reliable in children and
further undermine its use as a measure of individual
differences.

Discussion

This study set out to assess the reliability of three SL tasks
modeled on ones previously used in the child individual differ-
ence literature. Although the use of such tasks to predict indi-
vidual differences in language outcomes during development is
growing, no study to date has shown that they measure a stable
property within a child. This is crucial, in light of previous
reports that such tasks have psychometric shortcomings as mea-
sures of individual differences, even in adults (Siegelman,
Bogaerts, Christiansen, & Frost, 2017a; Siegelman, Bogaerts,
& Frost, 2017b), and the possibility that these shortcomings
are more pronounced in children. To examine this, both children
and adults were tested on two auditory SL tasks and a visual one
two months apart. I also assessed verbal working memory in
both sessions to make sure that it shows the expected reliability.
Two types of reliability were of concern: within session
(assessed using split-half and Cronbach’s alpha coefficients)
and between sessions (using test–retest reliability).

The first study showed that our three SL tasks had moderate
reliability in adults. These findings replicate previous investiga-
tions of task reliability in adult learners in two ways: by indicat-
ing that SL measures developed to assess group-level perfor-
mance can capture stable variation in adults (Potter et al.,
2017; Siegelman & Frost, 2015), and by illustrating their short-
comings: Reliability was lower than psychometric norms, and
lower than had been found when using SL tasks modified to
increase their psychometric validity (Siegelmen, Bogaerts, &
Frost, 2017). The second study looked at the reliability of the
same tasks in children and found a strikingly different pattern:
Whereas children showed learning as a group on all tasks, all
reliability measures were well below accepted norms, raising
concern about their use as measures of individual differences
in development. The lack of stability was also reflected in the
relation between the different tasks. Unlike in the adult data, no
stable correlations emerged between the different SL tasks: In
the first session, the two auditory taskswere correlatedwith each
other (but not with the visual task), suggesting a modality-based
division. In the second session, however, the only correlation
was across modality (between the nonlinguistic and the visual
task). These findings indicate that commonly used SL tasks are
not reliable in children, across modality, and stimulus type.

The only task that showed any test–retest correlation was the
linguistic auditory task, which is based on Saffran et al. (1996)
and has been used in numerous articles since. This was also the
only task in which learners were exposed to the same triplets in
both sessions: The slightly higher reliability could have reflected
this methodological difference rather than an improved reliabil-
ity for linguistic stimuli (which would have practical and theo-
retical implications). To further investigate this point, additional
data were collected from a new sample of children (at the same
ages), on a linguistic auditory task without repeating triplets. As
suspected, when triplets were not repeated, the linguistic

2 Note that the Cronbach’s alpha for this modified task is negative. This can
happen when the mean correlation between items is negative, which can hap-
pen if success on one item predicts failure on another. This is another worrying
indicator for the lack of internal consistency in this task. It also raises a more
general concern about what the test measures: such a negative correlation is
highly unexpected if performance reflects knowledge of the transitional prob-
abilities (which is the same for all triplets).
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auditory task was also not reliable (no correlation between ses-
sions). The previously found correlation was driven by the rep-
etition of triplets and is not a reflection of the better reliability of
this task. Moreover, the internal consistency for this task was
very low, which is worrying given its widespread use as a mea-
sure of SL. In contrast, verbal working memory showed the
expected high reliability across sessions, in both child samples,
suggesting the lack of reliability for the SL tasks is not related to
our sample, but reflects something more meaningful (and prob-
lematic) about the SL tasks themselves. This low reliability is
consistent with several patterns in the existing developmental
data. The correlations tend to be low (ranging between 0.1 and
0.32, see (Siegelman, Bogaerts, Christiansen, & Frost, 2017a)
and vary quite a bit even when using the same language mea-
sures. For instance, Kidd (2012) and Kidd and Arciuli (2016)
found no correlation between SL and vocabulary measures in
children, whereas Spencer et al. (2015) did (though small ones).
Importantly, none of the previous child individual difference
studies assessed the reliability of the tasks used.

The results here indicate that the SL tasks examined cannot
be used as a reliable measure of individual differences in chil-
dren. Since these tasks share important psychometric properties
with ones previously used in the developmental literature, they
raise a more general concern about existing findings on the
relation between SL and language outcomes. Low reliability
could lead both to the detection of correlations that are not really
there (spurious correlations) and to underestimating true corre-
lations (due to measurement error), making it hard to draw
strong conclusions from existing reports of correlations between
SL measures and linguistic outcomes. The same problem holds
for two additional theoretical questions: the domain generality of
SL in development and its relation to other cognitive skills. The
lack of reliability argues caution in interpreting correlations with
other measures or other SL tasks. To give an example, based on
the results of the first session alone, one could argue for a
modality-sensitive characterization of SL: Individual perfor-
mance was correlated within a modality but not between modal-
ities. The second session, however, gave rise to a different pat-
tern, not compatible with this conclusion. Our findings do not
undermine the basic claim that humans are capable of extracting
distributional information from their input, and that this mecha-
nism plays a role in language acquisition. The lack of reliability
does not invalidate the findings at the group level: The present
tasks are informative for studying which relations (and when)
children can learn (though their psychometric weakness means
that they are prone to noise and measurement error). However,
they cast doubt on their appropriateness as a measure for indi-
vidual differences in development.

Before discussing the source of the low reliability in children,
let me briefly address the pattern of correlations between the
three SL tasks in our adult data. Examining performance on
several SL tasks across modalities can shed light on the
modality-specific nature of SL. Although SL is found across

modalities (e.g., Conway & Christiansen, 2005), there is evi-
dence for modality-based differences in performance in both
children (Raviv & Arnon, 2017) and adults (Emberson,
Conway, & Christiansen, 2011; Frost, Armstrong, Siegelman,
& Christiansen, 2015). From the perspective of individual dif-
ferences, adults’ performance on visual and auditory tasks is not
correlated (Erickson et al., 2016; Siegelman & Frost, 2015), a
finding used to argue that SL is not a unitary capacity, but one
that is sensitive to modality. Our findings give rise to more
complex pattern: In both sessions, performance was not corre-
lated on the two auditory tasks, but was correlated between the
visual and the nonlinguistic auditory tasks. That is, performance
patterned together on the basis of stimulus type (linguistic vs.
nonlinguistic) rather than modality (auditory vs. visual). This
pattern is in line with a set of recent findings suggesting that
the nature of stimuli, and in particular whether it is linguistic or
nonlinguistic, is an important factor in explaining SL perfor-
mance. SL tasks using linguistic stimuli (syllables) are more
affected than visual tasks by the exact stimuli used and show
evidence of L1 influences (Siegelman et al., 2018b).
Developmentally, the effect of age on performance seems dif-
ferent for tasks using linguistic stimuli:Whereas performance on
visual and nonlinguistic auditory SL improves during childhood
(ages 5–12 years), performance on linguistic auditory SL does
not (Shufaniya & Arnon, 2018). Since studies finding modality-
based differences often use linguistic auditory tasks (Emberson
et al., 2011; Siegelman & Frost, 2015), previously reported dif-
ferences (and similarities) may be driven not only by modality
by also by the specific stimuli use. Our findings offer further
evidence for similarities across modalities and point to the lin-
guistic nature of the stimuli as a possible cause for modality-
based differences. Note, though, that the linguistic task differed
from the two other tasks in having slightly shorter exposure (24
vs. 32 repetitions of each triplets) and shorter stimuli duration
(250 ms per syllables vs. 500 ms per nonlinguistic sound/im-
age), making it less similar to the other two.3 Although the
shorter stimulus duration on the linguistic auditory task did not
prevent learning (children were above chance across sessions
and samples), it could have impacted accuracy (Arciuli &
Simpson, 2011; Emberson et al., 2011). Future work will be
needed to assess the impact of those methodological differences
on the pattern of correlations in this study.

Returning to question of reliability, where does the task in-
stability come from, and why is it more pronounced in children?
One possibility is that SL itself is not a stable individual

3 Although the optimal design is one in which stimulus duration is identical
across the three tasks, this would have introduced two other (and potentially
more influential) problems. Making the linguistic auditory syllables longer
would have (a) made our task unlike ASL tasks used in the literature, in which
syllable duration is usually around 200 ms, and (b) made our ASL stimuli less
natural: syllables in natural language are shorter than 500 ms (the presentation
duration of the visual and nonlinguistic stimuli), and shorter than the duration
of familiar sounds. For those reasons, we opted to keep the linguistic auditory
stimuli at the 250-ms presentation duration.
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property, but rather one that is affected by an unknown combi-
nation of other cognitive abilities, like memory and attention.
Children may be more vulnerable to such influences, explaining
why reliability was higher in adult learners in this study and in
studies using similar tasks (Siegelman, Bogaerts, & Frost,
2017b; Siegelman & Frost, 2015). However, a more likely in-
terpretation for the lack of reliability is that SL is a stable prop-
erty also in children, but one that is not well measured by the
tasks we currently use. Indeed, low reliability in children has
also been found in other learning tasks that are reliable in adults:
A recent article assessed the reliability of commonly used pro-
cedural memory measures (SRT, Hebbian learning, and contex-
tual cuing), and found that they have very low reliability in
children and do not show stable correlations with language or
literacy measures (West, Vadillo, Shanks, & Hulme, 2017).

The present study does not allow us to discern which aspects
of SL tasks are responsible for their low reliability in children,
but points to several plausible directions. The low reliability
may be driven by test properties (number of test trials, level
of difficulty), its explicit nature, or a combination of both.
The fact that many children did not show learning at an indi-
vidual level in both sessions (around 80% in the two auditory
tasks and 50% in the visual one), and that they showed worse
performance than adults, indicates that the task was difficult.
This is not a unique feature of our tasks: Group accuracy rates
were similar or higher than those found with children of similar
ages in other studies (Kidd & Arciuli, 2016; Raviv & Arnon,
2017; Spencer et al., 2015). These accuracy levels are problem-
atic, because they do not generate the wide distribution of per-
formance needed for individual difference studies. Although it
is clear that the tasks need to be made easier, there is not a
straightforward way to do so. Reducing the number of triplets
may alleviate memory demands, but it also impacts the statisti-
cal structure in a way that makes triplet boundaries less salient
(having only three triplets instead of five means that the TPs
between triplets are now .5 instead of .25). Increasing exposure
times may also not solve the problem. Accuracy rates in our
study were similar to those found when exposing children of
the same age to a word segmentation task with four times the
exposure length of the present study (59% in Saffran, Newport,
Aslin, Tunick, & Barrueco, 1997, vs. our 57%). In fact, using
online measures to track the trajectory of visual statistical learn-
ing in adults found that learning is already evident after seven
repetitions of each triplet and does not increase in magnitude
with increased exposure (Siegelman et al., 2018a). Similar pat-
terns were found in the auditory domain, in which learning
plateaued after only three repetitions (Batterink, 2017; though
see Batterink & Paller, 2017, for enhanced neural activation
following increased exposure). That is, it is unclear whether
increasing exposure length will improve learning significantly.
Introducing a delay between exposure and testing may be an-
other way to raise accuracy rates (thereby increasing the pro-
portion of scores that are above chance): Implicit learning

seems to improve when tested after a 12-h delay, and even after
a one-week delay (Nemeth & Janacsek, 2011).

Although task difficulty needs to be addressed, several find-
ings suggest that it is not the major factor driving the low reliabil-
ity in children. First, test–retest reliability was not higher for the
visual task, which had higher accuracy overall and in which per-
formance was similar to that of adults (Raviv & Arnon, 2017).
Second, the proportion of individual children showing above
chance performance was similar to that found in adults
(Siegelman, Bogaerts, & Frost, 2017b), for whom task reliability
was higher. One intriguing possibility is that children showgreater
fatigue effects during testing (and more individual variation in the
magnitude of such effects), and that this contributes to the low
task reliability. A recent article has pointed to the possible impact
of fatigue on task reliability. Török, Janacsek, Nagy, Orbán, and
Nemeth (2017) documented reactive inhibition (accumulative
performance deterioration) in adults performing an SRT task
and showed that such effects vary among individuals, and that
modeling them (by including individual reactive inhibition terms)
revealed larger learning effects (Török et al., 2017). Children may
show greater fatigue effects than adults and more individual var-
iation in the magnitude of effects, both of which could contribute
to the low reliability. Another possibility is that the children are
more affected than adults by the explicit nature of the task and that
reliability will be improved by the development of more implicit
measures of learning. Such measures have been used with adults
(self-paced visual presentation: Karuza, Farmer, Fine, Smith, &
Jaeger, 2014; rapid serial auditory presentation: Franco, Eberlen,
Destrebecqz, Cleeremans, & Bertels, 2015) and have shown both
reliability and stable correlations with offline performance
(Siegelman et al., 2018a). Given similar debates on the difference
between online and offline measures of behavior in children (e.g.,
in the theory-of-mind literature), this seems like a promising av-
enue for addressing the low reliability. My lab is currently devel-
oping online measures that can be used to assess both auditory
and visual SL over a range of ages, from infancy to adulthood.

Interestingly, even the move to more implicit methods may not
be enough. A similar debate about the ability of SL measures to
predict individual variation has taken place within the literature on
infant speech (see Cristia, Seidl, Junge, Soderstrom, & Hagoort,
2014). The logic is similar to that used in the SL literature: Being
better at detecting linguistic regularities (phonemes in this case)
should lead to better (or faster) language learning outcomes. This
claim is supported by findings showing positive correlations be-
tween speech perceptionmeasures and vocabulary size (e.g., Tsao,
Liu, & Kuhl, 2004). However, as in the case of the SL literature,
there are few data on the stability and reliability of speech percep-
tionmeasures in infancy. In their recent article, Cristia et al. offered
a theoretical and methodological critique of these findings
highlighting the psychometric weakness of these speech percep-
tion measures, which like SL tasks, were developed to assess
group-level learning and not individual differences: BMaking the
jump from correlation to causation requires multidisciplinary
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approaches and an improvement of the measurements used^
(Cristia et al., 2014, p. 1331). Similar critiques are offered in a
recent study questioning the reliability of sequence learning in
adults and its ability to serve as a stable measure of individual
differences (Bogaerts, Siegelman, Ben-Porat, & Frost, 2018).

These debates highlight the difficulty of using measures
developed to assess group-level performance in the study of
individual differences, as well as the impact of these method-
ological challenges on our theoretical understanding. There is
a pressing need to further investigate the psychometric prop-
erties of existing SL tasks and, more importantly, to develop
novel tasks that are better suited to assess individual differ-
ences. Until that is done, little can be concluded about the
relation between variation in SL and individual differences
in language-learning outcomes.
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Appendix: Stimuli used in the three SL tasks

Linguistic auditory task (syllables): du, ka, me, ge, di, no, ki,
mu, ga, na, lo, bi, to, be, lo

Nonlinguistic auditory task (familiar sounds): Bbird tweet,^
Brunning water,^ Bgoat bleat,^ Bopening door,^ Bdog bark,^
Bbouncing ball,^ Btrumpet,^ Bcat meow,^ Bduck quack,^
Bfrog quack,^ Bcuckoo clock,^ Bbell,^ Bchord,^ Bwhistle,^
and Bcow moo.^

Visual task: Black-and-white drawings (taken from Alario
& Ferrand, 1999) of a house, book, cake, dog, cat, airplane,
shoe, fish, ball, banana, fork, flower, bottle, chair, and
butterfly.

Example images:

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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