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Abstract
Earlier work indicates that bilingualism may positively affect statistical learning, but leaves open
whether a bilingual benefit is (1) found during learning rather than in a post-hoc test following a
learning phase and (2) explained by enhanced verbal short-term memory skill in the bilinguals.
Forty-one bilingual and 56 monolingual preschoolers completed a seria reaction time task and a
nonword repetition task (NWR). Linear mixed-effect regressions indicated that the bilinguals
showed a stronger decrease in reaction times over the regular blocks of the task than the
monolinguals. No group differences in accuracy-based measures were found. NWR
performance, which did not differ between the groups, did not account for the attested effect of
bilingualism. These results provide partial support for effects of bilingualism on statistical
learning, which appear during learning and are not due to enhanced verbal short-term memory.
Taken together, these findings add to a growing body of research on effects of bilingualism on
statistical learning, and constitute afirst step towards investigating the factors which may

underlie such effects.

Keywords: bilingualism, statistical learning, serial reaction time task, non-adjacent dependency
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Effects of Bilingualism on Statistical Learning in Preschoolers

1. Introduction

Previous studies have found that bilingual speakers show an increased ability in statistical
learning as compared to monolingual speakers, that is, an increased ability to track frequency
information about the co-occurrence of elements (Bartolotti et a., 2011; de Bree, Verhagen,
Kerkhoff, Doedens, & Unsworth, 2017; Wang & Saffran, 2014). The available literature leaves
open two questions that will be investigated in this study on statistical learning in monolingual
and bilingual preschoolers. The first iswhether abilingual advantage in statistical learning is
visible during the learning task, rather than in atest phase following alearning phase. This will
help determine whether bilinguals’ increased performance stems from better abilities to track
structural regularitiesin the input asit is encountered rather than to better retrieval of these
regularitiesin a post-hoc test. The second question is whether bilinguals’ advantage in statistical
learning is due to enhancements in verbal short-term memory, as has been proposed — but not yet
tested — in earlier research (Bartolotti et a., 2011; Wang & Saffran, 2014).

Over the past few years, evidence has accumulated that bilingualism may impact
positively on statistical learning (for reviews, see Bulgarelli, Lebkuecher, & Weliss, 2018; Hirosh
& Degani, 2017). Such positive effects of bilingualism on statistical learning have been observed
in participants of different ages, including young infants and adults, and for both auditory and
visua statistical learning. For infants, Kovacs and Mehler (2009) found that bilingual seven-
month-old infants learned two three-syllable structures simultaneously, while monolingual

infants learned only one. De Bree and colleagues (2017) found that bilingual 24-month-olds



tracked non-adjacent dependencies more readily than monolingual peers, at least in a condition
in which the input contained exceptions from a predominant rule. For adults, Wang and Saffran
(2014) found that bilingual Mandarin-English and Spanish-English speakers outperformed
English monolingualsin learning statistical regularities from atonal language. Since only the
Mandarin-English group had experience with a tonal language, bilinguals’ higher performance
could not be attributed to prior experience with atonal system.

However, mixed results have been reported. Bartolotti and colleagues (2011) found that
bilingual adults outperformed monolinguals in learning novel word forms from Morse Codein
only one out of two experimentsin their study. Specifically, these authors found that bilinguals
who spoke English and another language performed significantly better than English
monolinguals in an experiment in which participants were presented with Morse Code for the
first time and only one cue was presented to detect word boundaries. In a second experiment in
which participants were presented with Morse Code again and two cues (rather than one cue)
were provided, these same bilinguals did not outperform monolinguals. Similarly, Poepsel and
Weiss (2016) found that bilingual adults outperformed monolingualsin a statistical word
learning task testing participants’ learning of one-to-one mappings between word labels and
referents, but not in an experiment testing one-to-many mappings. Finaly, Yim and Rudoy
(2013) did not find effects of bilingualism in two experiments assessing auditory and visual rule
learning in 5- to 13-year-old children. As a possible explanation of their null findings, Yim and
Rudoy proposed that bilinguals’ advantage is only found when two sets of statistical rules are
presented, rather than one set of rules, since the presence of multiple rules mirrors the dual
language input situations bilinguals have experience with. However, whereas this explanation

could explain the results obtained in some of the previous studies (de Bree et al., 2017; Kovéacs



& Mehler, 2009; Poepsel & Welss, 2016), it is at odds with the results of studies reporting a
bilingual advantage in statistical learning tasks containing one set of rules only (Bartolotti et al.,
2011; Bonifacci, Giombini, Bellochi, & Contento, 2011; Wang & Saffran, 2014).

Previous studies with children and adults typically compared monolinguals and bilinguals
statistical learning abilitiesin training-test designs (Bartolotti, et al., 2011; de Bree et a., 2017,
Kovacs & Mehler, 2009; Wang & Saffran, 2014; Yim & Rudoy, 2013). In such experiments,
participants first listen to a continuous stream of stimuli governed by arule or set of rules.
Subsequently, they perform atest assessing their knowledge of the rule(s). For adults, thistest is
commonly aforced-choice selection task, in which participants indicate which one out of two
strings conforms to the novel language just heard. For infants and toddlers, head-turn preference
paradigms have been used, assessing children’s listening times to strings that either were or were
not presented during training (de Bree et al., 2017; Kovacs & Mehler, 2009). Importantly, results
obtained with such training-test designs leave open whether bilinguals’ increased performance
stems from better abilities to track structural regularities from the input (Kuo & Anderson, 2010,
2012), or to increased abilities to retrieve the knowledge of these regularities in a post-hoc test.

Preliminary evidence that bilinguals are better in statistical learning online, at least in a
non-verbal task, comes from a study by Bonifacci and colleagues (2011). In this study,
monolingual and bilingual 6- to 12-year-olds and 14- to 22-year-olds performed a visual
statistical learning task in which the ability to learn co-occurrence patterns between shapes was
assessed. Specificaly, in thistask, participants were trained on a sequence of colored shapes. On
some trias, the sequence stopped and participants were asked to report the color of the shape.
Across age groups, the bilingual participants showed faster response times on the anticipation

trials than the monolinguals. The authors proposed that bilinguals’ increased ability to track



statistical regularitiesin the input is due to their extensive practice in anticipating linguistic
elements in processing two different linguistic systems. The results of this study contrast with
those of Park and colleagues (2018), however, who found no effects of bilingualism on a visual
serial reaction timed task in which bilingual and monolingua 8- to 12-year-olds with or without
specific language impairment responded to sequences of visual cuesin specific locations. Since
no earlier studies using online assessments have targeted verbal statistical learning, it is currently
unknown whether bilinguals have enhanced abilities to track statistical relationships from verbal
stimuli, as these are presented to them.

An important question, moreover, is how previously found bilingual advantagesin
statistical learning should be explained. One proposal isthe structural sensitivity hypothesis
(Kuo & Anderson, 2010, 2012), which holds that bilinguals show heightened sensitivity to
structural properties of language because dual language exposure renders the structural
properties of languages more salient. As aresult of their heightened sensitivity to linguistic
structure, bilinguals are better in learning structural regularities from novel input (de Bree et dl.,
2017; Kuo & Anderson, 2012). Proponents of the structural sensitivity hypothesis also point to
the possibility that enhanced executive functioning may play arolein bilinguals’ enhanced
statistical learning. Specifically, to overcome interlingual interference, bilinguals would need to
attend to structural features of language and flexibly inhibit attention to less relevant linguistic
information, which would help them impute linguistic structure more readily.

A second explanation that has been proposed to account for bilinguals’ improved
statistical learning is enhanced verba short-term memory (Bartolotti et al., 2011; Wang &
Saffran, 2014). Verba short-term memory refers to the ability to hold auditory information in

memory for abrief period of time, and is generally assessed with digit span or nonword



repetition tasks (Gathercole, 2006). Previous studies examining effects of bilingualism on verbal
short-term memory tasks have provided mixed findings. On the one hand, studies have found
positive effects of bilingualism (Biedron & Szczepaniak, 2012; Delcenserie & Genesee, 2017;
Kaushanskaya, 2012), and attributed these to bilinguals’ broader linguistic knowledge which
would facilitate short-term storage of nonwords or to the high demands that bilingual processing
and use place on verbal short-term memory. Other studies found either no or negative effects of
bilingualism on verba short-term memory tasks (Boermaet a., 2015; Fernandes, Craik,
Bialystok, & Kreuger, 2007). A possible explanation is that results vary as a function of the
specific properties of the task stimuli used (digits or nonwords, degree of language-specificity of
the nonwords) as well as of the bilingual participants. Specifically, bilinguals may perform more
poorly than monolinguals on verbal short-term memory tasksif tasks are based on alanguage
that the bilinguals are less proficient in (Armon-Lotem & Meir, 2016; Boermaet al., 2015;
Messer et al., 2010).

Although the previous evidence regarding effects of bilingualism on verbal short-term
memory is mixed, the idea that increased verba short-term memory underlies bilinguals’
advantage in (auditory) statistical learning is plausible. Previous research shows that individual
differences in performance on tasks that rely on verbal short-term memory tasks at |east to some
degree are positively associated with statistical learning in monolingual children (Kapa &
Colombo, 2014) and adults (Misyak & Christiansen, 2012). Two processes have been proposed
to underlie statistical learning: extraction and integration (Erickson & Thiessen, 2015).
Extraction refers to the process of holding statistically congruent clusters in memory (Perruchet
& Tillmann, 2010); integration to the process of combining information across the stored

clusters. In particular extraction is assumed to rely on verba working memory, including short-



term storage of information. In fact, in arecent framework in which statistical learning in various
tasks (word segmentation, category learning, artificial language learning, SRT tasks) was
considered, statistical learning was argued to arise from a set of memory processes, with a key
role for the storage of elements (Thiessen, 2017). Specifically, theideais that participants store
exemplarsin memory, and subsequently, integrate information from these exemplars, such that
features that are consistent across them are strengthened, and features that are inconsistent across
them are weakened, leading to knowledge of statistical regularities.

Despite previous claims that bilinguals’ enhanced statistical learning is explained by
enhanced verbal short-term memory (Bartolotti et al., 2011; Wang & Saffran, 2014), no previous
studies have yet tested this proposal. Some tentative evidence comes from de Bree and
colleagues (2017), who found a positive and significant correlation between monolingual and
bilingual toddlers’ performance in a non-adjacent dependency learning experiment and
children’s scores on a nonword repetition task. However, in this study, correlations between
verbal short-term memory and statistical learning were calculated with monolingual and
bilingual children collapsed. Hence, it is as yet an open question whether bilingual advantagesin

statistical learning are explained by bilinguals’ improved verba short-term memory skill.

1.1 This Study

The main aim of the current study was to investigate if bilingual children outperform
monolingual peersin learning structural relationships from a novel language when the learning
process itself is assessed, rather than knowledge of the learned materia in a post-test.
Furthermore, our study aimed to test if any effects of bilingualism found were due to improved

verbal short-term memory skill in the bilinguals.



To address these aims, we employed a task which was based on the Serial Reaction Time
(SRT) task paradigm (Nissen & Bullemer, 1987). In atypical SRT task, participants are
presented with visual stimuli and asked to press a button as quickly as possible upon appearance
of a specific stimulus (Hunt & Asdlin, 2001; Lum et al., 2014; Vicari et d., 2003). Typicaly,
there are anumber of regular blocks in which stimuli conform to arule or set of rules, and there
isafinal block in which presentation isirregular. If participants learn the rule(s), their
performance should improve over the regular blocks, as indicated by more accurate and faster
responses to specific stimuli over blocks, followed by adrop in performance or stabilized
performance in the final, random block. The task we used resembled an earlier online statistical
learning task used with monolingual children (Lammertink, van Wittel oostuijn, Boersma,
Wijnen & Rispens, 2019), and tested children’s learning of non-adjacent dependencies. Non-
adjacent dependencies have been well-researched in both children and adults (Gomez, 2002), and
have ecological relevance, as they commonly occur in natural language (e.g., subject-verb
agreement asin ‘He walk-s’). The children in our study also completed a nonword repetition
(NWR) task, to assess their verbal short-term memory abilities. Our questions were the
following:

1. Do bilingual children outperform monolingual children during statistical learning of
non-adjacent dependencies in the SRT-based task?

2. Do hilingua children outperform monolingual children on the NWR task? If so, can
any bilingual advantage in statistical learning performance be explained by advanced
verbal short-term memory skills?

Asfor the first question, we hypothesized that bilingual children would outperform

monolingual peers on the SRT task. This bilingual advantage could show up as the presence of a



typical SRT-curved pattern in the bilinguals, but not in the monolinguals, or a more prominent
SRT-curved pattern (e.g., steeper increase in performance over the first three blocks and/or
stronger decrease in performance in the final block) in the bilinguals than monolinguals. Our
prediction was based on earlier research showing a bilingual advantage in verbal statistical
learning studies with bilinguals of different ages using a training-test design (Bartolotti et a.,
2011; Kovécs & Mehler, 2009), including earlier work on non-adjacent dependency learning in
young children (de Bree et ., 2017) and online sequence learning in bilingual children
(Bonifacci et d., 2011).

Asfor the second question, we predicted that the bilinguals would outperform the
monolinguals on NWR. This prediction was based on earlier work showing increased
performance on verbal memory measures in bilinguals, using NWR tasks, at least for adults
(Delcenserie & Genesee, 2016; Kaushanskaya, 2012). However, as described earlier, lower
performance in bilinguals has also been reported (Boermaet al., 2015; Fernandes et al., 2007),
especialy in situations where the bilinguals were less proficient in the language that the NWR
task was based on (Boermaet al., 2015, Messer et a., 2010; Parraet a., 2011). Therefore, in the
current study, we took into account the degree to which items were based on Dutch, by
considering the phonotactic probability of the NWR items. In so doing, we explored the
possibility that any advantage on the task for the bilingual children would surface for the low-
probability items, but not high-probability items (as these latter items were more specific to
Dutch). Finally, we predicted that, in case the bilinguals would outperform the monolinguals on
(part of) the NWR task, enhanced verbal short-term memory would explain their improved
statistical learning abilities. This prediction was based on earlier proposals that verbal storageis

implicated in statistical learning (Erickson & Thiessen, 2015; Thiessen, 2017) aswell as earlier
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findings that verbal short-term memory skill is associated with statistical learning in monolingual

and bilingual children (de Bree et al., 2017; Kapa & Colombo, 2014).

2. Method

2.1 Participants

Participants were 56 monolingual and 41 bilingual kindergarteners. All children came
from families that resided in the Netherlands. Mean age was 5;1 years in the monolingua group
(SD =0;7) and 5;2 yearsin the bilingual group (SD = 0;9). The monolingual group contained 31
girls (55%) and the bilingual group 19 girls (46%). Age and gender did not differ significantly
between the groups (t(95) = 1.073 p =.286 for age; x3(1, N =97) = 0.770, p = .380 for gender).
Six additional children were tested (four bilinguals; two monolinguals), but not included in the
final sample, because they did not seem to understand the task, asindicated by very low response
rates (i.e., no more than two hits per block of the task).

The monolingual children all came from families in which no language other than Dutch
was spoken, asindicated by parental report in an electronic questionnaire. The bilingual children
were from families in which one out of a diverse set of other languages was spoken instead of or
next to Dutch (N =7 Turkish, N =5 German, N = 5 Polish, N = 4 English, N = 3 Kurdish, N =2
Surinamese, N = 2 Italian, N = 2 Moroccan Arabic, N = 2 Portuguese, N = 1 Chinese, N =1
Russian, N =1 Thai, N =1 Danish, N =1 Spanish, N =1 Frisian, N =1 French, N =1 Farsi, N =
1 Somali). Most children heard both languages at home (N = 29 (71%)); the others were exposed

to the other language at home, and were in contact with the mgjority language (Dutch) only at
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kindergarten and through contacts outside of their homes. Parents indicated which language(s)
they spoke to their child for each parent separately. They a so indicated which language their
child spoke best: Dutch (N = 18 (44%)), the other language (N = 12 (29%)), or both languages
equaly well (N = 11 (27%)).

In both groups, the majority of the children came from families in which parents were
highly educated, as indicated by parents’ responses in the parental questionnaire. Specifically, 47
(84%) of the monolinguals had at |east one parent who had attained a college or university
degree. Twenty-eight (70%) of the bilinguals had at |east one parent who had attained a college
or university degree. For one bilingual child, this information was missing. Parental education
did not differ significantly between the groups (x3(1, N = 96) = 2.649, p = .104. Informed consent
was obtained from children’s parents prior to data collection.

2.2. Materials
2.2.1 Satistical learning experiment.

In our SRT-based task, children were presented with auditory speech strings that
consisted of three elements (also see Table 1). These triplets took the form a-X-b and ¢-X-d, in
which X was avariable element and a, b, ¢, and d were fixed. Two counterbalanced languages
were created that children were randomly assigned to: alanguage containing triplets of the type
aX-b (rak-X-toef) and c-X-d (sot-X-lut) and a language containing counterbalanced a-X-d (rak-
X-lut) and c-X-b (sot-X-toef). Even though toef is an existing word in Dutch, we included it in
our stimuli to have the exact same stimuli asin earlier work on statistical learning in Dutch
children (de Bree et a., 2017) and adults (Grama, Kerkhoff, & Wijnen, 2016). Importantly, toef
isahighly infrequent word, occurring only 0.05 in every million (SUBTLEX, Keuleers,

Brysbaert & New, 2010). As X-elements, the following 18 two-syllable pseudowords were used:
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fidan, bensim, sulep, hiftam, wiffel, domo, vami, banip, kengel, naspoe, rogges, noeba, kasi,
snigger, poemer, plizet, wadim, and mofig.

The task contained four blocks. In the first three blocks, all stimuli were regular, such that
they only contained triplets conforming to the rules of the languages presented. In Language 1,
triplets were a-X-b, c-X-d (rak-X-toef, sot-X-lut); in Language 2, these were a-X-d and c-X-b
(rak-X-lut and sot-X-toef). In the fourth block, stimuli did not conform to these rules, such that
the final elements lut and toef were combined with the incorrect first element (e.g., rak-X-toef for
the language that contained sot-X-toef) as well as with other a and c-elements that had not been
presented during the previous blocks (e.g., Jik-X-toef, tep-X-toef). Specifically, in this random
block, 18 triplets containing the target word were presented, six of which were paired with the
first element of the other triplet (e.g., rak-X-toef for the language that contained sot-X-toef), and
twelve were paired with either one of two new elements that had not been presented before (jik
or tep). For an overview of al stimuli, see Table 1.

All triplets were presented to the children over headphones with a 250-msinterval in
between the pseudo-words in atriplet and a 750-ms interval in between triplets. Triplets had
been constructed by cross-splicing the pseudo-words from pre-recorded speech from a native
speaker of Dutch, to ensure uniformity of the stimuli and avoid co-articulation effects (see de
Breeet a., 2017 for details).

To make the task more engaging for the children, it was embedded in a narrative: prior to
the task, children were told that they were going to see pictures of moles on the laptop screen
and, at the same time, hear the name of each mole. All moles|ooked exactly the same (see
Figure 1 below), so children had to listen carefully to the names of the moles. Children were then

told that there was going to be a party for moles and that their task was to invite to this party as
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many moles as they could. Crucially, they were instructed to invite only the mole named lut (or
toef in the counterbalanced version), by pressing a button on a push-button box as quickly as
possible when they heard amole called lut (or toef in the other version), or when they expected a
mole called lut (or toef) to appear. This procedure allowed investigating whether children

became faster and more accurate in responding to the final word of the triplet over time, and
actually could predict it, which would be indicative of children’s learning of the non-adjacent
dependency. To keep children engaged over blocks, they were shown a picture after each block
which depicted all the moles they had “collected’ during the immediately preceding block. They
then counted the number of moles they had collected together with the experimenter, and were
given positive feedback irrespective of whether they had performed well, to keep them motivated
for the next block.

Button presses were recorded from the offset of the X-element to 750 ms after the offset
of the final word of the triplet. If children pressed the button correctly, that is, if the triplet indeed
contained the target word, the respective (‘target’) mole was given a party hat, to signal a correct
response. If children did not press the button when the target word was presented or pressed the
button for strings that did not contain the target word, no feedback was provided. Positive
feedback to correct answers only was chosen over other types of feedback, based on pilot data
showing that children understood the task and were very motivated to perform well when given
positive feedback only.

Prior to the first test block, a practice block was presented that contained 28 singlets, four
of which were target words. Children were instructed to press a button as fast as they could when
they heard atarget word (lut or toef). The items presented in the practice phase were the same

elements used in the experimental blocks, in random order. If children pressed the button
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correctly, the experimenter made a brief ‘thumps up’ gesture, as a means of positive feedback to
the child. The aim of the practice block was to familiarize children with the procedure of
pressing the button only if they heard atarget word and do so as quickly as possible.

Each of the first three (regular) test blocks was composed of 18 triplets containing a
target word and 18 triplets of the other dependency (without atarget word). Each block thus
contained 18 target words. Counterbalanced across experiment versions were the specific target
word (i.e., toef vs. [ut) as well as the language that children were presented with (Language 1:
rak-X-toef and sot-X-lut vs. Language 2: rak-X-lut and sot-X-toef), resulting in four experiment
versions. Thefinal, random block also contained 18 targets, but these occurred in unpredictable
positions.

The task was programmed using the experimenta software Zep (http://beexy.org/zep/),

and administered on alaptop. A button box was used to record children’s responses. For each

trial, accuracy (hit/false alarm) and response time (in the case of a button press) were recorded.

{Insert Figure 1 here}

Tablel

Simuli of the SRT-Based Non-Adjacent Dependency Learning Experiment

Experiment Nr. of Languagel Language?2

strings

Non-adjacent dependencies Non-adjacent dependencies

Block 1 2x18 a-X(]__]_g)-b C-X(]__]_g)-d a-X(]__]_g)-d C-X(l_lg)-b
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(rak X toef) (sot X lut) (rak X lut) (sot X toef)
Block 2 2x18 aX-18-b c-X(1-18-d aX(1-18-d c-X(1-181-b

(rak X toef) (sot X lut) (rak X lut) (sot X toef)
Block 3 2x18 aX-18-b c-X(1-18-d aX(1-18-d c-X(1-181-b

(rak X toef) (sot X lut) (rak X lut) (sot X toef)
Block 4 2x18 c-X(1-6) -b c-X(1-18-d c-X(1-6-d c-X(1-181-b

(sot X toef) (sot X lut) (sot X lut) (sot X toef)

e-X(1-67b e-X(1-6-d

(tep X toef) (tep X toef)

f-X@-6-b f-X@-6-d

(jik X toef) (jik X toef)

Note. X (subscript number) refersto the different X-items used

2.2.2 Nonword repetition. The nonword repetition (NWR) task by Rispens and Baker (2012) was
used to assess children’s verbal short-term memory. In this task, children listen to nonwords and
are then asked to repeat these nonwords. The nonwords in the task are based on Dutch, and
manipulated for phonotactic probability such that half of the nonwords contain phoneme
combinations that are frequent in Dutch (e.g., ‘tanoolon’ /tacno:lon/) and the other half
combinations that are infrequent in Dutch (e.g., ‘muihuuguf’ /me&yhuxyf/). The task consists of
two blocks, but for the current study, only the first block was administered in order to reduce
testing time (le Clercq et al., 2017). The task contained six three-syllable, eight four-syllable, and
eight five-syllable nonwords. Children’s responses were recorded with a voice recorder, and

coded later as correct/incorrect. Eight (8.2%) percent of randomly selected data was coded by an
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additional researcher, following earlier work in which similar percentages of NWR data were
double-coded (Duncan & Paradis, 2016 (10%); McKean, Letts, & Howard, 2013 (10%)).
Interrater agreement for the scores was 85% and task reliability was .71 (Cronbach’s alpha).
2.3 Procedure

Children were tested individually by aresearch assistant in aquiet room at their schools
or in the Babylab at Utrecht University. Task order was fixed with the SRT task preceding the
NWR task. Together, these tasks lasted about twenty minutes. At the end of the session, children
received a small gift. Parentsfilled out an electronic questionnaire about their child and their
home language(s), and provided written informed consent for their child’s participation.
2.4 Variables and Analyses

Linear mixed-effects regression modelswererunin R version 3.4.1 (R Core Team, 2015)
using the Ime4 package (Bates, Maechler, Bolker, & Walker, 2015), with p-values obtained
through the LmerTest package (Kuznetsova, Brockhoff, & Christensen, 2017). In these models,
we were interested in the effects of ‘group’ and ‘block’ as well as interaction effects between
these factors, which iswhy we tested for the effects of these factors directly, rather than through
model comparisons. Interaction effects were plotted using the interaction.plot package
(Chambers, Freeny, & Heiberger, 1992). In al models, orthogonal sum-to-zero contrast coding was
applied to our fixed effects (group, block) (Baguley, 2012). Experiment version (Language 1 or Language
2) was not included as afactor, asit did not yield an effect in any of the models. To solve issues of hon-
converging models, we increased the number of iterations to 100,000 (Powell, 2009).

To address our first research question on possible effects of bilingualism on SRT
performance, four separate models were run, with four different dependent variables (see below).
In these models, we entered group (monolingual s/bilinguals), block, and group* block as fixed-

effect factors. For block, we set contrasts between (i) block 1 versus block 2, (ii) blocks 1 and 2
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versus block 3 (to see whether performance increased over these regular blocks) and (iii) block 3
versus block 4 (to see whether performance decreased from the final regular to the random
block). We included by-subject and by-item random intercepts, by-subject random slopes for
block, and by-item random slopes for block, group, and block* group.

To address our second question of whether the bilinguals outperformed the monolinguals
on the NWR task, we ran a model on children’s correct/incorrect scoresin the NWR task with
group (monolingual g/bilinguals), item length (three, four, or five syllables) and phonotactic
probability (high vs. low) as fixed-effect factors. By-subject and by-item random intercepts were
included, as well as by-subject random slopes for item length and phonotactic probability and
by-item random slopes for group. Item length was included based on earlier work showing a
(negative) effect of bilingualism on nonword repetition for long nonwords, but not for shorter
ones (Boerma et a., 2015). Furthermore, to see whether any effects of bilingualism on children’s
performance in the SRT-based task remained once NWR was controlled, we ran additional
analyses in which children’s NWR sum scores were added as a fixed-effect factor.

Asfor the dependent variables in the models, four variables were anayzed. First, two
variables were constructed that were based on children’s response accuracy: hits and d’. The
variable “hits’ was a categorical variable: O for strings that contained atarget word but for which
there was no button press; 1 for strings that contained atarget word and for which there was a
button press. D’ is a statistic from signal detection theory, which reflects the percentage of button
presses for targets relative to the percentage to button presses for non-targets (false alarms).
Taking into account both hits and false dlarms, d’ controls for potential response bias, such asa
child pressing the button in response to each stimulus. D’ istypically calculated with the

following formula: d” = Z(hit rate) - Z(false darm rate) (MacMillan & Creelman, 2005), with a
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higher d’ signaling more accurate signal detection. For our data, a correction was applied in
order to deal with zero scores (Hautus, 1995; Stanislaw & Todorov, 1999), such that a score of
0.5 was added to the number of hits and false alarms and a score of 1 to the number of
targets/non-targets, as follows: d’ = Z(number of hits+ 0.5/ total targets presented + 1) —
Z(number of false alarms + 0.5/ total non-targets presented + 1).

The third and fourth dependent variables in our analyses were based on children’s
reaction times. First, to control for differences in length of the target words (lut, toef), residua
reaction times for children’s hit responses were calculated by subtracting the duration of the
target word from the total reaction time for each hit. The second reaction time-based measure
reflected how often children actually pressed the button prior to hearing the target, signaling how
often they correctly predicted the target. This variable was cal culated by recoding each hit as to
whether it occurred prior to the onset of the target word, resulting in abinary variable: 1 for
reaction times below or equal to 250 ms; O for reaction times above 250 ms (as a 250-ms pause
occurred between the X-element and the target).

The inclusion of these four different variables was based on pilot results which showed
considerable variation among children in both accuracy and response speed. Moreover, since
each variable provided a different piece of information, we included them al, to obtain a
complete picture of children’s results. Hits were our most basic measure and could be anayzed
at theitem level. However, this variable did not take into account false alarms, resulting in very
high scores for children who pressed the button at each trial. Therefore, d” was included.
Regarding response speed, residual reaction times to hits reflected how quickly children reacted
to or predicted the final word in the triplet. However, a potentia flaw in our task was that

children would just always wait until they heard the target word before pressing the button. In
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this case, any decrease in reaction times over successive blocks might be dueto children’s faster
processing of the target or faster motor responses, rather than being indicative of learning the
non-adjacent dependency. Therefore, children’s anticipations to targets were also analyzed.
Previous research has shown that reaction times may be affected by performance on
previous trials, such that reaction times slow down after incorrect responses, a phenomenon
known as post-error slowing (Dutilh et al., 2012). Therefore, in the models with reaction times
and anticipations, an additional fixed-effect factor was included: accuracy on the previoustria,

which reflect whether performance on the previous trial was correct.

3. Results

3.1 Comparing SRT Performance between the Monolingual and Bilingual Children

Mean scores and standard deviations per block are presented in Table 2 for the
monolingual and bilingual children separately. Figure 2 presents these same scores, plotted in
graphs, to enable visual inspection of the results. Note that the y-axisin these figuresis
truncated, differs across response measures, and sometimes has a narrow range. Although this
improves visibility of the curves, adrawback is that differences across blocks or groups may

seem larger than they actually are.

Table2
Descriptive Satistics per Block of the SRT-Based Task for the Monolingual and Bilingual

Children
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Monolinguals Bilinguals
M (SD) M (SD)
Accuracy-based variables
Hits (mean proportions)
Block 1 0.81 (0.39) 0.84 (0.36)
Block 2 0.85 (0.36) 0.92 (0.27)
Block 3 0.87 (0.34) 0.90 (0.30)
Block 4 0.86 (0.34) 0.89 (0.31)
d’ (mean d’)
Block 1 1.91 (1.06) 1.61 (1.12)
Block 2 2.12 (1.09) 1.93 (1.14)
Block 3 2.16 (1.06) 1.91 (1.12)
Block 4 1.94 (0.86) 1.86 (1.13)
Reaction-time based variables
Residualized RTsto hits (mean RTS)
Block 1 405.13 (286.66) 387.58 (280.35)
Block 2 343.46 (248.55) 331.95 (250.10)
Block 3 340.02 (269.85) 268.21 (253.07)
Block 4 347.54 (257.26) 294.03 (261.49)
Anticipations (mean proportions)
Block 1 0.027 (0.161) 0.026 (0.158)
Block 2 0.029 (0.168) 0.023 (0.151)
Block 3 0.028 (0.166) 0.046 (0.211)
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Block 4 0.030 (0.170) 0.030 (0.172)

Note. For anticipations, three decimals are given, because subtle differences between blocks

otherwise remain unnoticed.

{Insert Figure 2 here}

Visual inspection of Figure 2aindicates that children’s hit scores became higher over the
regular blocks, followed by adrop in scores from the third to the final (random) block, with the
exception of adight decrease in (the otherwise very high) scores from the second to third block
in the bilinguals. Although scores were higher overall in the bilingual group, alinear logistic
mixed-effect model with group and block as fixed factors (and random intercepts and slopes for
subjects and items, see under ‘Analyses’) showed no effect of group (B = 0.344, SE=0.258, z =
1.333, p = .182). Regarding effects of block, the increase in hits between block 1 and 2 was
significant (f = 0.532, SE = 0.231, z=2.300, p = .021), but the other comparisons were not (f =
0.077, SE =0.176, z=0.439, p = .660 for blocks 1 and 2 vs. block 3; = 0.011, SE =0.246, z=
0.044, p = .964 for block 3 vs. block 4). The interactions between group and block were not
significant either (ps>.1). See Table Al in the Appendix for the full model results.

A typical SRT-curved pattern also emerged from children’s mean d’ scores per block,
shown in Figure 2b. Although scores seemed higher for the monolingual children than for the
bilingual children, there was no effect of group (f = 0.206, SE =0.193, t = 1.067, p = .288).
Rather, there was a significant increase in performance from blocks 1 to 2, regardless of group (8
=0.297, SE =0.099, t = 2.993, p = .003) aswell asasignificant increase from blocks 1 and 2 to

block 3 (f = 0.160, SE = 0.078, t = 2.061, p = .040). The difference in mean d’ between blocks 3
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and 4 was not significant (f = -0.057, SE = 0.103, t = -0.546, p = .585) and there were no
interactions between block and group (ps > .1, see Table Al in the Appendix).

Residualized reaction times for children’s hit responses show the expected, reversed
pattern of the accuracy scores (hitsand d’), as there was a decline in reaction times during the
regular blocks, followed by an increase from the third to the final block (see Figure 2¢). A linear
mixed-effect model with group and block as fixed effect factors showed a main effect of group
(B =39.730, SE = 6.930, t = 5.773, p < .001), which indicated that the bilinguals responded more
quickly overall than the monolinguals. There also was a significant interaction between group
and ‘blocks 1 and 2 versus block 3°, which indicated that the decrease in response rate from
blocks 1 and 2 to block 3 was significantly stronger in the bilinguals than in the monolinguals (3
=49.130, SE = 17.810, t = 2.759, p = .006). There were no further main effects or interaction
effects (ps> .1, see Table Al in the Appendix).

Finally, concerning children’s anticipations to target words, that is, how often they
pressed the button prior to or exactly at the onset of the target word, it is noteworthy that such
responses were infrequent overal. A linear logistic mixed-effect model showed no effects (see
Table 2). However, there were two trends in the data. First, there was a tendency for an increase
in anticipations from blocks 1 and 2 to block 3 (f = 0.337, SE = 0.186, z= 1.810, p = .070).
Second, atrend towards an interaction effect between group and ‘blocks 1 and 2 versus block 3’
indicated that this tendency to anticipate more to the upcoming target in block 3 as compared to
blocks 1 and 2 was stronger in the bilingual group than in the monolingual group (B = 0.678, SE
=0.372, z=-1.820, p = .069). Fort the full model results, see Table Al in the Appendix.

3.2 Comparing Verbal Short-Term Memory between the Bilingual and Monolingual Groups
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Mean nonword repetition scores were available for 95/97 children, with missing data for
two monolingual children due to technical error. Table 3 presents proportions correct on items of

high- and low-probability items and different lengths for the monolingua and bilingual children,

separately.

Table 3.
Mean Scores (Proportions Correct) and Standard Deviations on the NWR Task for the

Monolingual and Bilingual Children

Monolinguals (n = 54) Bilinguals (n = 41)
M (SD) M (SD)
All items 0.36 (0.48) 0.31 (0.46)
High-probability items (all) 0.46 (0.50) 0.39 (0.49)
3-syllable items 0.78 (0.41) 0.63 (0.48)
4-syllable items 0.49 (0.49) 0.39 (0.49)
5-syllable items 0.22 (0.41) 0.15 (0.36)
Low-probability items (al) 0.28 (0.45) 0.25 (0.43)
3-syllableitems 0.57 (0.50) 0.61 (0.49)
4-syllable items 0.19 (0.40) 0.18 (0.38)
5-syllable items 0.18 (0.38) 0.08 (0.28)

A linear mixed-effect model with group, item length, and phonotactic probability as fixed
effects showed no effect of group (B =-0.372, SE = 0.745, z=-0.499, p = .618). Therewas a

main effect of item length, such that longer items were repeated |ess accurately than shorter ones
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(B =-0.733, SE=0.089, z=-8.191, p <.001). Moreover, there were two significant interactions:
(i) a group* phonotactic probability interaction indicated that the effect of phonotactic probability
was stronger for the monolingual than for the bilingual children (f =-3.635, SE=1.364, z=-
2.665, p =.008) and (ii) a group* phonotactic probability* item length interaction indicated that
that the monolinguals’ greater sensitivity to phonotactic probability as compared to that of the
bilinguals was stronger for the shorter versus longer items ( = 0.400, SE = 1.364, z=-2.665, p =
.008). There were no other main effects or significant interactions (ps> .1).

Even though the bilingual children did not outperform the monolingual children on the
NWR task, we examined whether our results for the SRT task remained unchanged when
differencesin NWR were controlled. To thisaim, the above models were re-run with NWR sum
scores as an additional fixed-effect factor. The results of these models showed that NWR
positively predicted children’s overall performance for three of the four response measures: d’ (3
=0.092, SE =0.027, z= 3.426, p < .001), reaction times (f = -10.248, SE = 5.048, z=-2.030, p
=.045), and anticipations ( = -0.286, SE = 0.097, z= 2.950, p = .003) (see Table A2 in the
Appendix). Moreover, the results showed that the group* block interaction effect that was
reported above remained, which indicated that the bilinguals showed a steeper increase in
reaction times from blocks 1 and 2 to block 3 than the monolinguals (B = 34.020, SE = 14.319, z
= 2.376, p = .017). Theresults showed, furthermore, that NWR interacted significantly with
children’s hit scores across successive blocks, such that children with higher NWR scores
showed a steeper increase in hits from blocks 1 and 2 to block 3 (f = 0.103, SE=0.041, z=
2.503, p =.012) and a steeper decrease in hits from block 3 to 4 than children with lower NWR
scores (B =-0.155, SE = 0.061, z=-2.527, p = .012). Likewise, children with higher NWR scores

showed a steeper decrease in anticipations from blocks 3 to 4 than children with lower NWR
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scores (B =-0.466, SE = 0.201, z=-2.319, p = .020). However, caution in interpreting these
resultsis needed, due to the very large number of statistical comparisons made, and hence, the

increased likelihood of finding fal se positives.

4. Discussion

The main aim of our study was to see whether bilingual children showed an advantage
over monolingual children in statistical learning when, instead of the product of statistical
learning, the process itself was studied. Our second aim was to see whether, if abilingual
advantage was found, this could be explained by enhanced verbal short-term memory in the
bilinguals. To address these aims, an experiment was conducted based on the Serial Reaction
Timed (SRT) task paradigm, which assessed children’s sensitivity to non-adjacent dependencies.
Scores on a nonword repetition (NWR) task, a measure of verbal short-term memory, were also
analyzed to seeif the bilinguals outperformed the monolinguals, as well as how NWR
performance related to differences in statistical learning.

The results suggested learning curves that are characteristic of SRT tasks, showing an
increase in performance over the regular blocks, followed by a decrease or stabilized
performance from the final, regular to the random block. Results of linear mixed-effect models
showed effects of block for two out of four responses measures: hits (increase from blocks 1 to
2) and d’ (increase from blocks 1 to 2, and from blocks 1 and 2 to 3). These results are
suggestive of learning, asthey, at least in part, signal increases in performance over the regular

blocks, followed by stabilized performance from the final regular to the random block (e.g.,



26

Vicari et a., 2003).

In addition, an interaction effect between group and block was found for children’s
reaction times, which indicated that the increase in performance during the regular blocks of the
task was stronger for the bilinguals than for the monolinguals. Trend effects emerged for
children’s anticipations: the bilinguals showed a trend towards a stronger increasein
anticipations from blocks 1 and 2 to block 3 than the monolinguals. These findings indicate that
in particular the bilingual children were sensitive to the regularity tested in the current
experiment that, in triplets of the type sot-X-toef or rak-X-lut (or vice versa), the third element
had a dependency relation with the first element. While caution is needed in interpreting these
results for anticipations (as these were based on few data points), the trend for anticipationsis
important, asit suggests that bilinguals did not simply become more accurate in responding to a
particular target word, pressing the button when they heard (part of) this target, but became
dlightly faster over timein predicting the target on the basis of the first element of the triplet.

Regarding NWR, there were no significant differences between the bilinguals and
monolinguals. When NWR was controlled, the interaction effect between group and block on
children’s reaction times remained, such that bilinguals showed a stronger decrease in reaction
times from blocks 1 and 2 to block 3 than the monolinguals. Also, there were severa significant
interactions between NWR and children’s performance over consecutive blocks, albeit not for all
blocks and for all response measures. This suggests that NWR was associated with learning the
non-adjacent dependency relation in our experiment at least to some degree, which accords with
the earlier literature on the role of verbal memory in statistical learning (Erickson & Thiessen,
2015) as well as earlier research findings showing associations between NWR and statistical

learning (de Bree et a. 2017; Misyak & Christiansen, 2012).
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The lack of an effect of bilingualism on NWR performance is in keeping with previous
studies reporting no effects of bilingualism on measures of verba short-term memory, including
nonword repetition as well as digit and word span tasks (de Bree et al., 2017; Fernandes, Craik,
Bialystok, & Kreuger, 2007), but contrasts with studies showing enhanced performance on such
tasks in bilingual speakers (Biedron & Szczepaniak, 2012; Delcenserie & Genesee, 2017;
Kaushanskaya, 2012). In our study, the stronger effect of phonotactic probability in the
monolingual as opposed to bilingual children suggests that language-specificity of theitems
played arole, which might explain why no positive effect of bilingualism was found. Indeed,
earlier work has shown that bilinguals perform more poorly than monolinguals on verbal short-
term memory measures containing items that are based on alanguage that the bilinguals are less
proficient in (Boermaet a., 2015; Messer et al., 2010). Future work could investigate in more
detail how the specific properties of the nonword stimuli and the bilingual participants may
modul ate effects of bilingualism on NWR performance. Also, an NWR measure that isless
subject to effects of existing language knowledge (e.g., quasi-universal NWR task, Boermaet a.,
2015) could be used to see how verbal short-term memory relates to statistical learning in
monolingual and bilingual children.

Positive effects of bilingualism did not emerge for the accuracy-based measures in our
study — hitsand d’ (ameasure of signal sensitivity). One possibility that awaits further
investigation is that effects of bilingualism on statistical learning are modulated by bilinguals’
language pairings, an ideathat could be interesting to pursue in the light of the structural
sensitivity hypothesis (Kuo & Anderson, 2012). Perhaps, a certain degree of typological distance
is needed for bilinguals to develop enhanced sensitivity to linguistic structure. Another

possibility to be investigated is that bilinguals’ children language proficiency plays arole. For
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adults, Onnis et al. (2017) found that bilinguals with more balanced proficiency levels had
improved statistical learning skills as compared to bilingual s with less balanced profiles. Future
work could address whether more balanced proficiency profilesin bilinguals |ead to enhanced
statistical learning directly, through enhanced knowledge of the properties of two languages, or
indirectly, through enhanced executive processing skills (Hirosh & Degani, 2017; Bulgarelli,
Lebkuecher, & Weliss, 2018).

Our study has a number of limitations. The first isthat we only assessed children’s verbal
short-term memory and not verba working memory. While verbal-short term memory isis
implicated in statistical learning through the process of extraction, verbal working memory is
thought to be involved in the integration of information across clusters stored in memory
(Erickson & Thiessen, 2015; Thiessen, 2017). Given that previous research has shown that
bilinguals may outperform monolinguals on working memory (Blom et al., 2014), it isworth
investigating whether, and if so to what extent, bilinguals’ enhanced statistical learning is due to
improved working memory abilities.

A second limitation of our study was that the time window in our task in which children
could predict the upcoming target word was relatively short (i.e., 250 ms). Consequently,
anticipations were infrequent overall, perhaps also because young children are typically slow to
respond. While the trend effects for anticipations support the validity of our task, any potential
stronger effects of bilingualism on this variable may have been hard to detect, because of the low
number of anticipations and high variation within the groups. Furthermore, we cannot exclude
the possibility that anticipatory responses, as operationalized in the current study, were due to
low impulse control. Future assessments could include longer time intervals, enabling a better

measurement of children’s ability to predict upcoming targets, perhaps combined with an
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assessment of impulse control as a control measure. In addition, future studies could assess
children’s online learning of multiple rules that mirror more closely the dual language input that
bilingual children are exposed to (Kovéacs & Mehler, 2009; Weiss, Gerfen & Mitchell, 2009).

A third limitation isthat, in our study, we did not add an offline task, and thus were
unable to see how children’s outcomes in the online task related to more traditional measures of
statistical learning used in previous work. Online measures might, however, be able to capture
children’s learning better than offline measures. A recent study by Lammertink and colleagues
(2019) assessed online learning of auditory non-adjacent dependenciesin five- to eight-year-old
monolingual children in an SRT task, and found that performance on thistask did not correlate
with performance on an offline grammaticality judgement test. The authors proposed that offline
measures may be more complex for children, asthey rely on explicit decisions (Franco et a.,
2015; Lammertink et a., 2019). Nevertheless, in future studies, attempts could be made to
supplement online measures with offline measures, to see how online performance relates to
children’s knowledge as assessed in post-hoc tests.

The current study contributes to earlier work in at least three ways. First, it adds to the
growing body of research on bilingual advantagesin statistical learning, as it looked into the
process of statistical learning (i.e., during the learning task) rather than at learning outcomesin a
post-hoc test. Second, our study is the first to test the proposal that bilinguals’ improved
statistical learning is due to improved verbal short-term memory skill, a proposal that was not
supported by the present data from monolingual Dutch and bilingual Dutch + other language
preschoolers. Finally, the findings indicate that a bilingual advantage can be found in online
statistical learning, but that it is contingent on the type of response measures looked at, as, in our

study, it emerged for reaction time-based measures, but not for accuracy-based measures.
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Figure 1. lllustration of Block 1 inthe SRT-Task.

Note. In the experiment, triplets were presented in randomized order. Button presses were
recorded from the offset of the X-element. A mole with a party hat was shown immediately after
children had pushed the button upon identifying a correct target (here toef); in al other instances,

amole without a hat was shown.
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separately: (@) hit responses (proportions), (b) mean d’, (c) residualized reaction times for hits,

and (d) anticipations (proportions).
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Results of Linear Mixed-Effect Models Testing with Group (Bilingual vs. Monolingual Children)

and Block as Fixed Effects

Fixed factors B S.E. zt? p
Hit responses  Intercept 2.493 0.134 18611 <.001
Group -0.344 0.258 -1.333 182
Block: 1vs. 2 0.532 0.231 2.300 021
Block: 1, 2vs. 3 -0.077 0176  -0.439 661
Block: 3vs. 4 -0.011 0246  -0.044 964
Group*Block 1vs. 2 -0.517 0.383 -1.350 77
Group*Block 1, 2vs. 3 0.145 0.289 0.502 .616
Group*Block 3vs. 4 -0.003 0.426 -0.008 .994
d’ Intercept 1.930 0.097 19954 <.001
Group 0.206 0.193 1.067 .288
Block: 1vs. 2 0.297 0.099 2.993 .003
Block: 1, 2vs. 3 0.160 0.078 2.061 .040
Block: 3vs. 4 -0.057 0.103  -0.546 585
Group*Block 1vs. 2 0.016 0.198 0.080 .936
Group*Block 1,2 vs. 3 0.068 0.155 0.441 .660
Group*Block 3vs. 4 -0.246 0.207 -1.186 237
RT Intercept 335.88 351.04 0.957 .613
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Group 39.73 6.93 5733 <.001
Accuracy on previoustrial -271.71 656.97 -0.414 971
Block: 1vs. 2 -26.43 28.01 -0.944 516
Block: 1,2vs. 3 -47.04 20.29 -2.318 .256
Block: 3vs. 4 -34.50 20.27 -2.146 255
Group*Block 1vs. 2 -23.57 22.90 -1.029 303
Group*Block 1,2 vs. 3 49.13 17.81 2.759 .006
Group*Block 3vs. 4 34.83 23.89 1.458 145
Anticipations’ Intercept -3.498 0.083  -4226 <.001
Group -0.067 0.155 -0.43 .669
Accuracy on previoustrial -0.092 0.162 -0.57 570
Block: 1vs. 2 0.015 0.267 0.06 955
Block: 1,2vs. 3 0.337 0.186 181 .070
Block: 3vs. 4 -0.024 0.268 -0.09 928
Group*Block 1vs. 2 0.112 0.534 0.21 834
Group*Block 1,2 vs. 3 -0.678 0.372 -1.82 .069
Group*Block 3vs. 4 0.137 0.536 0.26 .798

Notes. Z-values are presented for models with hits and anticipations, as binary dependent
variables; t-values are presented for model with d’ and reaction times, as continuous dependent
variables.  In the model with anticipations, by-item random slopes were added for block but not
for group, yielding the maximal random effect structure supported by the data, in line with

recommendations made by Jaeger (2010).
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Results of Linear Mixed-Effect Models Testing with Nonword Repetition (Sum Scores) as an

Additional Fixed-Effect Factor

Fixed factors B SEE. ZIt? p
Hit responses  Intercept 2476 0.133 18569 <.001
Group -0.392 0.258 -1.519 129
Nonword repetition 0.028 0.038 0.729 466
Block: 1vs. 2 0.545 0.228 2.389 .017
Block: 1,2vs. 3 -0.075 0.173 -0.434 .665
Block: 3vs. 4 -0.023 0.242 -0.094 925
Group*Block 1vs. 2 -0.567 0.377 -1.505 132
Group*Blocks 1,2 vs. 3 0.231 0.280 0.824 410
Group*Block 3vs. 4 0.099 0.418 0.238 812
NWR*Block 1 vs. 2 0.097 0.057 1.710 .087
NWR*Blocks 1,2 vs. 3 0.103 0.041 2.503 012
NWR*Block 3vs. 4 -0.155 0.061 -2.527 012
d’ Intercept 1.923 0.092 20981 <.001
Group 0.124 0.184 0.671 504
Nonword repetition 0.092 0.027 3426 <.001
Block: 1vs. 2 0.295 0.099 2.975 .003
Block: 1,2vs. 3 0.166 0.078 2.142 .033
Block: 3vs. 4 -0.062 0.104 -0.602 548
Group*Block 1vs. 2 -0.015 0.199 -0.075 .940
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Group*Block 1,2 vs. 3 0.097 0.156 0.620 .536
Group*Block 3vs. 4 -0.213 0.208 -1.022 307
NWR*Block 1 vs. 2 0.036 0.029 1241 215
NWR*Blocks 1,2 vs. 3 -0.020 0.023 -0.896 371
NWR*Block 3 vs. 4 -0.058 0.030 -1.916 .056
RT Intercept 272.153 41.155 6.613 .001
Group 46.365 34.629 1.339 184
Nonword repetition 10.248 5.048 2.030 .045
Accuracy previoustria -12.420 5.806 -2.139 .032
Block: 1vs. 2 -13.141 22.265 -0.590 555
Block: 1,2vs. 3 -74.527 17.052 -4.371 .001
Block: 3vs. 4 -78.839 23.195 -3.399 .001
Group*Block 1vs. 2 24.574 19.210 1.279 201
Group*Block 1,2vs. 3 34.020 14.319 2.376 .017
Group*Block 3vs. 4 24.574 19.210 1.279 201
NWR*Block 1 vs. 2 -3.178 2.275 -1.166 244
NWR*Blocks 1,2 vs. 3 2.645 2.106 1.256 209
NWR*Block 3vs. 4 5.015 2.828 1773 .076
Anticipations Intercept -6.096 0.455 -13.391 .001
Group -0.677 0.608 -1.114 .265
Nonword repetition -0.286 0.097 -2.950 .003
Accuracy previoustrial -0.134 0.203 -0.660 509
Block: 1vs. 2 -1.083 1.212 -0.894 371



Block: 1, 2vs. 3
Block: 3vs. 4
Group*Block 1vs. 2
Group*Block 1,2 vs. 3
Group*Block 3vs. 4
NWR*Block 1 vs. 2
NWR*Blocks 1,2 vs. 3

NWR*Block 3vs. 4

0.669

-1.425

0.892

-0.724

-0.899

0.070

0.080

-0.466

0.727

1.258

1.075

0.650

1.024

0.187

0.106

0.201

0.920

-1.133

0.830

-1.113

-0.878

0.373

0.757

-2.319
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.358

257

407

.266

.380

.709

449

.020

Note. ®Z-values are presented for models with the binary variables hits and anticipations; t-

values are presented for model with the continuous variables d’ and reaction times.
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