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Abstract
It is still an unresolved question why adults do not learn languages as effortlessly as children
do. We tested the hypothesis that the higher cognitive control abilities in adults interfere with
implicit learning mechanisms relevant for language acquisition. Across two days, Dutch-
speaking adults were asked to rapidly recite novel syllable strings in which, unannounced to
the participants, the allowed position of a phoneme depended on another adjacent phoneme.
Their cognitive control system was either depleted or not depleted prior to learning, after
performing an individually tailored dual-working memory task under high or low cognitive
load. A third group did not perform any cognitive task prior to training. Speech error analyses
revealed stronger (and faster) learning of the novel phoneme combination constraints in the
cognitively depleted group compared with the other two groups. This indicates that late-
developing cognitive control abilities, and in particular attentional control, constitute an
important antagonist of implicit learning behavior relevant for language acquisition. These
findings offer novel insights into developmental changes in implicit learning mechanisms and

how to alter them temporarily in order to improve language skills in adults.

Key words: cognitive depletion, implicit learning, language acquisition, phonotactic

constraints, speech errors
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The ability to acquire language is essential and unique to humanity. However, language
acquisition becomes more difficult with age (Lenneberg, 1967; Newport, 1990). Children seem to
acquire first and/or second language(s) relatively easily, particularly for sequential properties
such as phonology or grammar, when compared to adults (Newport, Bavelier, & Neville, 2001).
The reason why remains unclear (Kennedy & Norman, 2005; Thiessen, Girard, & Erickson,
2016). Adults outperform children on almost every other measure of cognitive ability (Craik &
Bialystok, 2006). Yet, they fail learning language with the apparent ease that children do. This is
also referred to as the sensitive period hypothesis: there seems to be a maturational window in
which young learners are maximally prepared to acquire language (Thiessen et al., 2016). In the
present study, we aim to present evidence for the hypothesis that adult’s higher cognitive control
abilities, especially those that rely on a late-developing prefrontal system such as attentional
control, interfere with implicit, statistical learning mechanisms that are important for language
acquisition in children. Our rationale relies on a generalization of evidence from the field of skill
learning to the field of language acquisition.

Human learning is supported by two memory systems that maturate at different rates
across the life span (Poldrack et al., 2001; Ullman, 2004). The declarative memory system is
characterized by voluntary processes that rely on cognitive-control abilities such as attention and
working memory, supporting explicit learning (e.g., of facts and episodes) (Ullman, 2004). This
system is mediated by late-developing prefrontal and medial-temporal lobe structures (see also,
Poldrack & Packard, 2003). Procedural memory on the other hand is part of implicit memory,
mediated by early-developed striatal structures (Poldrack & Packard, 2003), as well as the
cerebellum and parts of the frontal cortex (e.g., Broca’s area) (De Vries et al., 2010; Pascual-
Leone, Wassermann, Grafman, & Hallett, 1996; Uddén et al., 2008; Ullman, 2004, 2006).

Learning in the procedural system takes place without the intention to do so and allowing the

4
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implicit acquisition of regularities in the environment, such as for instance transitional
probabilities of successive syllables in spoken words (Cleeremans, Destrebecqz, & Boyer, 1998;
Squire & Dede, 2015). We will refer to this as implicit or statistical learning. Each of these two
memory systems has its own characteristics and a differential reliance on either of them may
explain developmental differences and/or difficulties with learning (Krishnan, Watkins, &

Bishop, 2016; Smalle, Page, Duyck, Edwards, & Szmalec, 2018).

Although the declarative and procedural memory system are known to support human
learning in mostly cooperative ways, they may also compete with each other (Poldrack et al.,
2001; Poldrack & Packard, 2003). For example, the declarative and procedural memory systems
are known to interfere mutually during offline memory consolidation (Brown & Robertson,
2007). As for the procedural system, surprising evidence from the human skill learning literature
shows enhanced implicit learning in conditions where declarative memory resources are limited
due to, for instance, hypnosis, transcranial magnetic disruption of prefrontal activity, intake of
benzodiazepines, alcohol consumption, and/or distraction tasks (Ambrus et al., 2020; Foerde,
Knowlton, & Poldrack, 2006; Frank, O'Reilly, & Curran, 2006; Galea, Albert, Ditye, & Miall,
2010; Nemeth, Janacsek, Polner, & Kovacs, 2013; Virag et al., 2015). Moreover, prior
developmental work suggests that children are better implicit skill learners than adults due to an
underdeveloped cognitive control system associated with the declarative memory system
(Janacsek, Fiser, & Nemeth, 2012; Juhasz, Nemeth, & Janacsek, 2019). Cognitive control
processes come online at around 12 and are useful for more targeted explicit learning but this

comes at a cost for pure implicit skill learning abilities (Nemeth, Janacsek, & Fiser, 2013).

Recently, Borragan and colleagues showed that mental or cognitive fatigue, which is

defined as the decrease in sustained attentional control abilities not caused by sleepiness
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(Borragan, Slama, Bartolomei, & Peigneux, 2017), can facilitate performance on an implicit
serial-reaction time (SRT) task (Borragan, Slama, Destrebecqz, & Peigneux, 2016). Performance
on the SRT task is a commonly used parameter for measuring implicit statistical learning within
the perceptual motor domain (Robertson, 2007; Song, Howard, & Howard, 2008). In an SRT
task, participants are asked to repeatedly respond to a fixed set of stimuli in which a particular
visual cue (e.g., location on the screen) signals to the participant that a particular response (i.e.,
button press) has to be made. Unknown to the participant, transitional probabilities exist between
the position of the cues so that the required responses become increasingly predictable. This
becomes reflected in a decrease of response times for sequence trials compared with random
trials; taken as evidence for implicit learning of a novel perceptual-motor skill (Robertson, 2007).
Borragéan and colleagues introduced their participants to an individually tailored dual working-
memory task, called the TloadDback task, prior to training on this SRT task (Borragan et al.,
2016). In the TloadDback task, participants are asked to perform two simultaneously-ongoing
tasks (i.e., parity number decision and 1-back letter memory) at either their maximum processing
speed capacity or at half of their maximum speed capacity, which is pretested within subjects
during a separate session. Due to the constrained time to process two ongoing cognitive demands,
a maximum speed condition will tax the individual’s cognitive resources more heavily, so that
limited attention remains for processing incoming information (Borragan et al., 2017). This leads
to overall weaker cognitive performance (e.g., decreased dual-task accuracy) as well as long-
lasting changes in spontaneous beta and alpha power oscillations in frontal cognitive-control
regions that are associated with feelings of cognitive exhaustion (Kéthner, Wriessnegger, Miiller-
Putz, Kiibler, & Halder, 2014; Shigihara et al., 2013). As a consequence, performing the
TloadDback task at maximum speed capacity (i.e., under high cognitive load) results in cognitive

depletion and an increased state of mental or cognitive fatigue, highly associated with temporary
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impairments in cognitive control, in high-level information processing and in sustained attention
on subsequent tasks (Borragan et al., 2017). Cognitive depletion can then be demonstrated as a
decrease in actual dual task performance (i.e., decreased accuracy on the TloadDback task) and a
decrease in alertness on a subsequent psychomotor vigilance task (see Supplementary Data of
Borragan et al., 2017). It can also be demonstrated rather subjectively as an increased feeling of
mental fatigue on a pre versus post-task rating scale for fatigue (Borragan et al., 2017; Borragan
et al., 2016). Interestingly, the authors observed facilitated performance, rather that impairment,
on the SRT task after performing the TloadDback task under high cognitive load (i.e., at
maximum speed) compared with performing the task under low cognitive load (i.e., at half of
maximum speed). This indicates that cognitive depletion facilitates implicit perceptual-motor
sequence learning. Their findings strongly suggests that higher cognitive-control abilities,
particularly attentional control that supports the declarative memory system, compete with

implicit learning mechanisms involved in human skill acquisition.

Although the hypothesis of competing cognitive and procedural memory mechanisms
during learning is gaining some attention within the field of language learning (e.g., Cochran,
McDonald, & Parault, 1999; Finn, Lee, Kraus, & Hudson Kam, 2014; Smalle, Panouilleres,
Szmalec, & Moéttonen, 2017), direct experimental evidence remains limited (Thiessen et al.,
2016). Recently, one of our own studies showed that a temporary disruption by Theta-Burst
Stimulation of the left Dorsolateral Prefrontal Cortex (DLPFC), an area that is strongly associated
with the higher cognitive (control) system, improved performance on a novel-word memorization
task (Smalle, Panouilleres, et al., 2017). In this study, adult participants were asked to
immediately recall sequences of syllables that occasionally repeat in the same order every n'

trial. The sequence repetition was not announced to the participants. We observed that memory
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for the repeated syllable sequences, but not for the unrepeated syllable sequences, increased
following the disruption. This suggests that late-developing prefrontal abilities can induce
changes in efficiently picking up sequential language information in implicit memory
(Thompson-Schill, Ramscar, & Chrysikou, 2009), a finding that is largely in line with previously

reported evidence from the skill learning literature.

Language acquisition involves many different memory and learning processes, such as
extracting statistical information on how sounds and words combine, word-segmentation
abilities, and retention of word-to-referent mappings (Krishnan et al., 2016). A first step in
acquiring language is gaining implicit knowledge about the phonological structure in one’s
spoken language system, i.e. learning the probabilistic constraints on how speech sounds
combine. This is also referred to as phonotactic knowledge (e.g., English words never start with
/y/ at onset). We implicitly extract this knowledge from surrounding speech during infant
language exposure (e.g., Jusczyk, Friederici, Wessels, Svenkerud, & Jusczyk, 1993), and the
ability continues well into (late) adulthood with second language exposure (e.g., Onishi,
Chambers, & Fisher, 2002). Indeed, accumulating evidence shows that both children and adults
of different ages can rapidly pick up new phonotactic constraints in their spoken language
(Anderson & Dell, 2018). This has been shown by looking at speech errors, which mirror
implicitly gained knowledge of the phonotactic constraints in the spoken language. Speech
always conforms to the phonotactic constraints of a language (Fromkin, 1971); and therefore,
these constraints are rarely violated when speech errors are made. For instance, native English
speakers will never erroneously slip the sound // to an onset word position because English
words never start with /n/. Since speakers do not intend to err, spontaneous speech errors reflect

an unobtrusive, implicit measure for a speaker’s acquired phonotactic knowledge (e.g., Warker,
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Dell, Whalen, & Gereg, 2008). In 2000, Dell and his team asked participants to recite written
sequences of syllables (e.g. hes feng nek tem) at a fast pace in time with a metronome, to elicit
spontaneous speech errors involving consonant movements (e.g. hef seng) (Dell, Reed, Adams,
& Meyer, 2000). They registered how often consonants erroneously moved to the opposite
syllable position as presented (i.e., from onset to coda or from coda to onset) versus the same
syllable position (i.e., from onset to another onset or from coda to another coda). Importantly, in
the paradigm, some consonants are constrained to one particular syllable position (i.e., onset or
coda) conform the spoken language (e.g., in English, /y/ always appears at coda while /h/ always
appears at onset); and thus if such a consonant moves it should always be to the same, legal
position (i.e., 100% of the errors should be “same-position”). Other consonant positions appear
unrestricted, also consistent with the spoken language (e.g., In English, /f/, /m/, /n/, and /s/, /k/, /t/
appear both at onset and coda). For these unrestricted consonants, the percentage of errors that
are “same-position” provides a baseline measure of the extent to which a participant’s speech
errors can preserve the syllable position within a trial. This is also called the syllable-position
effect (Dell et al., 2000). Same-position slips for unrestricted consonants are between 25%-40%
more frequent than would be predicted by chance. Thus, even though a consonant such as /f/ can
be both onset and coda across the experiment, /f/ is more likely to slip to the same syllable
position rather than to the opposite syllable position within the exposed sequence trial.
Interestingly, two of the normally unrestricted consonants appear restricted within the setting of
the experiment (e.g., /k/ always appears at onset while /t/ always appears at coda, or vice versa, in
the experiment while they normally appear unrestricted in the spoken language). The key
question is whether the percentage of same-position errors for the experimentally restricted
consonants rises significantly above the unrestricted baseline rate (i.e., the percentage same-

position slips for the unrestricted consonants). This would be evidence that novel phonotactic
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constraints have been acquired; the novel constraints significantly influence production (errors) in
the longer term (i.e., across trials) that cannot be explained by correctly labeling the syllable
position within the recited sequence (i.e., the syllable position effect). In other words, the
difference between unrestricted and experimentally restricted same-position percentages is
described as the phonotactic learning score (with positive values suggesting that phonotactic

learning has taken place).

Dell and colleagues observed that participant’s speech errors mirror new constraints after
only limited exposure (< 96 trials). Moreover, they showed that this occurs irrespective of
participant’s awareness of the constraints, thus indicating rapid implicit learning of novel
phonotactic constraints (Dell et al., 2000). The finding has, from then, been widely replicated;
also with more complex, second-order constraints in which consonant positions depend on the
medial vowel of the syllables (e.g., /k/ appears at onset and /t/ as coda when the vowel is /i:/
while the inverse is true when the vowel is /a/) (for a review, see Anderson & Dell, 2018).
Interestingly for the current study, second-order constraint learning occurs slower, typically from
a second day of training, after sleep, and is much weaker in adults than in children (Anderson &
Dell, 2018; Smalle, Muylle, Szmalec, & Duyck, 2017). Moreover, children learn already on a
first day of training (see, Smalle, Muylle, et al., 2017). This indicates that children are more
efficient adapters to implicit changes in their existing phonotactic system than adults, which
supports a sensitive period for at least some aspects of language acquisition such as phonology

and grammar learning (Newport et al., 2001) .

In the present study, we aim to elicit enhanced second-order phonotactic constraint
learning performance in adults, similar to what we see in children (cf. Smalle, Muylle et al.,

2017), by putting the adults in a situation of limited cognitive control abilities. Cognitive
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depletion was experimentally manipulated prior to language training by presenting the
TloadDback task at the participant’s maximum speed level capacity (i.e., under high cognitive
load) or at half of maximum speed (i.e., under low cognitive load) (Borragan et al., 2017,
Borragan et al., 2016). We additionally exposed a third group of participants to the speech error
task without letting them perform any cognitive load task prior to training. We added this extra
control group because Borragan et al. (2017) showed that performing the TloadDback task under
low cognitive load conditions can lead to feelings of boredom and sleepiness independently of
cognitive fatigue (Borragan et al., 2017). This could result in overall decreased performance on
(any) subsequent task, and may thus complicate the interpretation of our results on the speech
error task. Overall, we predicted enhanced phonotactic constraint learning for the cognitively
depleted group (i.e., the group who performed the dual task under high cognitive load) compared
with the two other groups (i.e., the group who performed the dual task under low cognitive load
and the extra control group who performed no dual task). The main focus of the study concerned
the first training session (i.e., Day 1), because this is the time course during which child
advantages are observed (Smalle, Muylle, et al., 2017). The second training session was added to
confirm that all participants adopted the novel constraints in their production system following a
night of sleep, as is typically seen in young adults (Anderson & Dell, 2018). If our predictions
turn out to be correct, this would support the hypothesis that limited cognitive resources boost
implicit learning mechanisms relevant for early language acquisition. The study design and
predictions were preregistered in an Open Science Framework repository prior to data-collection:

https://osf.io/de5na). The data transcription files and scripts for analyses are made available on

https://osf.io/fegb2/.

1 Method

11
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1.1 Participants

Thirty-six psychology students from Ghent University (Belgium) participated for course
credits (average age = 19 years, range = 17-22 years, 29 females, 28 right-handed). We drew
upon our prior developmental study to estimate the effect size for power calculations using
G*power. The effect size d for our main behavioural measure of language learning (i.e., the
phonotactic constraint learning score on Day 1) was 2.06 and for detecting an enhanced learning
effect in children 1.14. As such, we estimated that at least a sample size of n = 11 is required to
detect reliable phonotactic learning differences on the first day'. We thus decided to test 12
participants per group, similar to our previous work with this paradigm and other related work
(e.g., Warker, 2013). Given the manipulation of cognitive depletion, participants who reported
poor sleep quality during the month preceding the experiment (i.e., Pittsburgh Sleep Quality
Index or PSQI > 9; Buysse, Reynolds, Monk, Berman, & Kupfer, 1989) were a priori excluded
and replaced by new participants (8 in total), as pre-registered. The final groups had a comparable
distribution in terms of gender (i.e., 10 females in both the high and no load group and 9 females
in the low load group, respectively) and handedness (i.e., 10 right-handed participants in the high
load group and 8 right-handed participants in the low and no cognitive load group, respectively).
All participants were born and living in the Flemish part of Belgium and were native speakers of
the spoken language at study (i.e., Dutch). They reported no history of neurological and/or

developmental (language) disorders (e.g., dyslexia, dyscalculia) and all participants (except for

'The following input parameters were used: tails = 1, effect size = 2.06 (1.14), a err prob = 0.05; Power
(1-B err prob) = 0.80; Allocation ratio N2/N1 = 1. The following output parameters were obtained:
Noncentrality parameter 6 = 4.03 (2.61); Critical t = 2.42 (1.73); Df =2.82 (19.01); Sample size = 4
(Sample size group 1 = 11; Sample size group 2 = 11); Actual power = 0.90 (0.81). In parentheses are the
parameters for the estimated group effect. Non-parametric tests were used.
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one, see footnote 2)> showed a neutral to moderate circadian chronotype (i.e., score between 31
and 69 on the morningness-eveningness questionnaire) (Horne & Ostberg, 1976). Informed
consent was obtained prior to the experiment and debriefing took place afterwards. The
experiment was approved by the ethics committee of the Psychological Sciences Research

Institute (IPSY) at the Université catholique de Louvain (reference: Projet2017-27).

1.2 Tasks and procedures

The experimental procedure is illustrated in Figure 1. On Day 0, all participants filled in
the background questionnaires. The cognitive load participants were also pre-tested on the Time
load Dual-back Task (Figure 1, dashed lines) in order to determine their maximum speed capacity
on the task. On Day 1, the Time load Dual-back Task was presented under either high or low
cognitive load conditions (details, see below). Participants were (randomly) assigned to one of
these two experimental conditions. This was based on alternating the number of participants
entering the study. A visual numeric rating scale for fatigue (1: I feel no fatigue to 10: I feel the
worst possible fatigue) was presented immediately before and immediately after the dual task.
Subsequently, participants were trained on the phonotactic constraint task. On Day 2, the exact
same procedure was repeated. The extra control participants, who did not perform the
TloadDback task prior to training, were immediately presented with the phonotactic constraint
paradigm after filling in the background questionnaires and self-assessing their base level of
fatigue on the visual rating scale. The experimental sessions for these control participants took

place one month later than for the other participants.

?One female participant had a score of 72 indicating borderline morning type. We left her included
because her testing time (12 p.m.) did not interfere with her circadian rhythm (see pre-registration
https://osf.io/de5na).
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1.2.1 Time load Dual-back Task

The script of the dual working memory task is freely available on osf.io/ay6er (Borragan
et al., 2017). For each participant, the minimal time needed for accurately processing two
ongoing task demands, namely n-back letter detection and parity number decision, was defined
with a pre-test on Day 0. Completion of this pre-test took approximately 35 minutes. During the
dual task, digits (1, 2, 3, 4, 6, 7, 8 and 9) and letters (A, C, T, L, N, E, U and P) were presented in
alternation on the screen. Participants were instructed to press the space bar with their left hand
every time the displayed letter is the same as the last-seen letter, and to indicate with their right
hand whether the subsequently displayed digit is odd (pressing “1” on the numeric keypad) or
even (pressing “2”). Different levels of cognitive depletion were induced by presenting the two
tasks at different paces based on the participant’s pre-tested maximum processing speed. This is
defined as the fastest stimulus time duration (STD) allowing an accuracy of at least 85%. STD
was matched across the high and low cognitive load condition groups: i.e., STDjax = 0.907x %
0.188 sp vs. STDmax=0.873 ar + 0.123 5p, ¢ < 1, respectively. Under the High Cognitive Load
condition (HCL), the task was performed at the participant’s maximum STD while under the
Low Cognitive Load condition (LCL), the pace was slowed down with half of this speed (STD =
max. STD + 2 max. STD). This results in different cognitive demands, with higher sustained
attentional-control requirement for the former condition leading to a state of ‘cognitive depletion’
or ‘cognitive fatigue’ (Borragan et al., 2017; Borragan et al., 2016). The script was run in
Matlab2016b/Psychtoolbox, on a Dell laptop (refresh rate 60Hz). The letters were centrally

presented in Arial font size 120 on a 15.6-inch computer screen. The space key was covered with

a red sticker and the “1”” and “2” keys were covered with a green and blue sticker, respectively.
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The dual task under high or low cognitive load conditions took approximately 16 minutes to

complete.

1.2.2 Phonotactic constraint task

The exact same materials and procedure were used as in the developmental study of
Smalle, Muylle, et al. (2017). The only difference was that, here, we presented only two instead
of four training sessions (i.e., across two consecutive days), because this was the time course
(particularly Day 1) we were interested in. Participants received one set of 96 sequences on each
training day. Each sequence contained four novel word forms of the structure CVC (e.g., kieng
nief siet hiem). In total, eight different consonants were used that appeared once per sequence.
These consonants belonged to three different constraint groups: language-wide, experiment-wide,
and unrestricted. The language-wide consonants (i.e., /h/ and /1/) were always presented at
respectively onset or coda position in accordance with the Dutch spoken language; the
unrestricted consonants (i.e., /m/, /n/, /f/, /s/) appeared at both positions across the entire
experiment, also similar to the Dutch spoken language. Two consonants that are typically
unrestricted in the Dutch spoken language (i.e., /t/, /k/) appeared restricted within the setting of
the experiment (restricted or experiment-wide) depending on one of two medial (common) Dutch
vowels (i.e., /i/ or /@:/). For each group, half of the participants were exposed to the constraint
that /t/ is an onset and /k/ is a coda if the vowel is /i:/ while /k/ is an onset and /t/ is coda if the
vowel is /@:/, also referred to as the tiek-keut condition. The other half of the participants were
exposed to the reverse kiet-teuk constraint. The vowels were presented alternatingly between
sequence trials so that half of the trials contained one vowel and half of the trials the other vowel.
For each participant, two lists of 96 sequences were randomly generated by use of a computer

program that was made available to us by Jill A. Warker (e.g., Warker & Dell, 2015). Letter
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combinations that resulted in existing words were avoided. All sequences were displayed in 80-
point bold Courier New white font on a black background. The sequence appeared in one line on
the screen and was read aloud by a male voice on the computer. For this, each CVC syllable or
word-form was recorded separately by a native male speaker and noise cancelled. During
sequence presentation, the syllables were presented via the computer at a rate of 1 syllable/sec.
This took place in a silent soundproof room provided at Ghent University.

Participants were not informed about the constraints. A practice block of four trials was
presented on Day 1 to familiarize the participant with the task. During the task, participants heard
the sequence once (together with the visual presentation on the screen) and were asked to recite
the sequences in time with a metronome. They first recited the sequence slowly at a rate of 1
syllable/sec (in time with the metronome) and subsequently repeated this sequence 3 times
without pause at a faster rate of 2.53 syllables/sec (in time with the metronome). The sequence
remained on the screen until reciting was finished and participants pressed the space bar to
continue with the next sequence. The trial procedure is visualized in Figure 2. In total, one set of
96 sequences was completed per day. Each session was digitally recorded using a computer-built

recorder.

2 Results
2.1 Time load Dual-back Task
2.1.1 Dual-task accuracy

For each participant, a weighted composite score was calculated across the total number
of trials, as a manipulation check for the attempted cognitive depletion (see, Borragan et al.,
2017; Borragan et al., 2016). Accuracy for letters and digits represented 65% and 35% of the total

score (Borragan et al., 2017). Performance of the two cognitive load groups across days can be
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seen in Figure 3. As expected and intended, the LCL group performed significantly higher than
the HCL group, who performed around the minimal 85% accuracy level as defined during the
pretest: Day 1, HCL: 83.7y+ 2.46s5exmvs. LCL: 94.7y% 0.7 1sep, t22 = -4.31, pone-itea < .001; Day

2, HCL: 87.2y= 1.39sem vs. LCL: 9410+ 0.925£M, t22 = -4.14, Pone-taitea < .001.

2.1.2 Numerical Rating Score

The pre —and post TloadDback task rating scores for feelings of fatigue are presented in
Figure 4. The extra control group (i.e., no cognitive load) immediately started with phonotactic
constraint training and thus did not perform the dual task before language exposure. They rated
their subjective feeling of fatigue once at the start of the experiment (Figure 4, left). This did not
differ from the baseline score of the high cognitive load (HCL) participants (i.e., Day 1: < 1;
Day 2: t22 = 1.6, pavo-itea= .11) or the low cognitive load (LCL) participants (Day 1: z2> = 1.5,
DPiwo-wiled = .14; Day 2: t < 1). However, the low cognitive load participants rated themselves
overall higher on the pre-rating scale than the high cognitive load participants (i.e., Day 1: t22=

3.05,ptwo-miled = .006; Day 2:, t22 = 2.33,ptwo-miled = .03).

As an additional manipulation check for the manipulated cognitive depletion (see,
Borragan et al., 2017; Borragan et al., 2016), we computed difference scores between the
numerical rating score (NRS) for the feeling of ‘fatigue’ that was given before versus
immediately after the TloadDback task (i.e., [NRSpost-NRSpre]). We divided this difference
score by the rating score that was given before the TloadDback task (i.e. NRSpre). This allows us
to compare induced cognitive fatigue across individuals with different baselines in self-assessed
feeling of fatigue. The higher the index, the more fatigue is induced as a result of the cognitive
task, referred to as ‘cognitive fatigue’. Performance of the two groups across days can be seen in

Figure 4 (right). The HCL group reported higher cognitive fatigue compared with the LCL group,
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but this appeared only significant on the first day: Day 1: HCL: .77y =+ .18seam vs. LCL: .30x %

16sEM, 122 = 2.36, Pone-taitea = .028; Day 2, HCL: .68y% .17sem vs. LCL: 500+ .13seum, £ < 1.

2.2 Phonotactic constraint learning

Speech errors involving consonant movements were transcribed from the recordings and
coded as ‘same-position’ (i.e., from onset to another onset or from coda to another coda) or
‘other-position’ (i.e., from onset to coda or from coda to onset). The erroneous consonant
movements were coded according to the constraint type (i.e., language-wide, experiment-wide, or
unrestricted). The errors involving experiment-wide consonants were always coded with respect
to the medial vowel within the sequence trial and the restriction that the participant was
experiencing (i.e., tiek-keut or kiet-teuk condition). For instance, if the target sequence in a trial
was kieng nief siet hiem and a participant (who is experiencing the kiet-feuk restriction) recited
this sequence as hieng tief nies kiem, then five consonant movements would be coded (in bold):
One same-position error for the language-wide constraint (i.e., /h/ switched from onset to another
onset), one other-position error for the experiment-wide constraint (i.e., /t/ switched from coda to
onset), one same-position error for the unrestricted constraint (i.e., /s/ switched from onset to
coda), and one same-position error for the experiment-wide constraint (i.e., /k/ switched from
onset to another onset) (see also, Smalle, Muylle et al., 2017). For cutoff errors (e.g., s ... keut),
the first uttered consonant was coded. Substitutions (i.e., consonants that were replaced by other
consonants different than those within the sequence, e.g., /g/ instead of /k/), omissions or
indistinguishable phonemes, and word-level slips were not included in the error corpus.
Transcription was done independently by two native Dutch speakers (i.e., first and second author,
respectively) and completely blind to the conditions of the participants. For the 82.944 syllables

doubly transcribed, both coders agreed on the presence and nature of 2124 errors and on the
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absence of errors on 79.954 syllables, i.e. a 99.0% agreement rate. For those syllables in which
the first coder found an error (2990 errors), the conditionalized agreement rate was 71.0%. These
values are highly comparable with those found in similar recent studies (Anderson, Holmes, Dell,
& Middleton, 2019; Kittredge & Dell, 2016; Smalle, Muylle, et al., 2017), and thus the coding of
the first coder was not changed. The results for the transcriptions of the second coder are reported
in a supplementary file 1 on osf.io/fegb2; These did not differ from the main group findings
reported here.

Our key measure is whether the rate at which errors maintain their syllable position (i.e.,
proportion of same-position error) is higher for experimentally restricted consonants than for
unrestricted consonants, which would indicate novel phonotactic learning. We predict that this
learning effect occurs only late in training, i.e. from training day 2, in the cognitively non-
depleted groups, as is typically seen in young adults (Anderson & Dell, 2018). In contrast, for the
cognitively depleted adults (i.e., the high load group), we expect to see early learning effects,
more specifically on training day 1, as is seen in children (Smalle et al., 2017). First, a logistic
regression analysis was fit to the speech error data within each group. The dependent variable is
whether each error preserves the syllable position of the target consonant (1) or not (0). Day (1
versus 2), Restrictedness (experiment-wide versus unrestricted) and the interaction between Day
and Restrictedness were included as fixed factors. We further included participants as random
intercept and a slope for Restrictedness. To further investigate group differences early in training,
similar to what we see in previous developmental work (Smalle et al., 2017), a logistic regression
model including an interaction factor for Restrictedness and Group was fit to the speech error
data on Day 1. Position (same-position = 1 or different-position = 0) was again defined as
dependent variable. Because of convergence issues, only a random intercept for Subject was

included here (Bates, Kliegl, Vasishth, & Baayen, 2015). All p values were calculated using
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Wald-z. Effect-coding was used for all factors. The analyses were performed using the Ime4
package (Bates, Méchler, Bolker, & Walker, 2014) in R (R Development Core Team, 2011).
Planned comparisons were performed using the phia package (De Rosario-Martinez, Fox, Team,

& De Rosario-Martinez, 2015).
2.2.1 Control Group

As predicted, the language-wide constraints were never violated: Errors involving /h/ or
/y/ consonants always adhered to the restricted position (i.e., 100% same-position, SE = 0 based
on a total of 174 errors). There was significant learning of the novel constraints, i.e., effect of
Restrictedness: = 0.48, z=3.33, X?(1) = 11.1, p < .001. The effect appeared reliably on Day 2
only (i.e., Day 1: X3(1) = 1.37, p = .24; Day 2: X*>(1) = 12.1, p = .001; Restrictedness x Day: =

0.30,z=2.42, X*(1) = 5.86, p = .015.
2.2.1 Low Cognitive Load Group

The language-wide constraints were never violated (i.e., 100% same-position for errors
involving /h/ or /n/consonants, based on a total of 233 errors). There was again significant
learning of the novel constraints, i.e. effect of Restrictedness: = 0.46, z = 3.55, X>(1) = 12.6, p <
.001. While there was no significant learning yet on Day 1 (i.e., X?(1) = 3.54, p = .06, see Table
2), learning appeared reliably on Day 2 (i.e., X*(1) = 11.8, p = .001; Restrictedness x Day: S =

0.20,z=1.87, X*(1) = 3.48, p = .062).
<INSERT TABLE 2 HERE >
2.2.3 High Cognitive Load Group

The language-wide constraints were never violated (based on a total of 134 errors). There

was again learning of the novel constraints, i.e., effect of Restrictedness: f=0.91, z = 4.30, X*(1)

20



10

11

12

13

14

15

16

17

18

19

20

21

22

= 18.5, p <.001). Learning appeared reliably already on Day 1 (i.e., X3(1) = 15.5, p < .001) and
remained reliable on Day 2 (i.e., X2(1) = 8.3, p = .004; Restrictedness x Day: #=0.03,z< 1,

X(1)<1,p=.867).

<INSERT TABLE 1 HERE >

2.2.4 Group comparison

Individual data on overall number of errors, i.e. consonant movements, for the
participants across the three groups are provided in a supplementary file 2 on osf.io/fegb2 (see
also Table 1). Although the high cognitive load group committed numerically less errors than the
other two groups, there were no significant differences across groups (i.e., HCL vs. LCL, Day 1:
student’s ¢ < 1; Day 2: #22) = -1.98, p = .06; HCL vs. control: Day 1: #(22) =-1.002, p = .33; Day
2:t<1). We added number of speech errors as a covariate to the main group analysis.

The logistic regression analysis across groups revealed a significant interaction between
Restrictedness and Group (i.e., X*(2) = 9.3, p = .0095). Planned comparisons showed a significant
difference in learning between the HCL group and the LCL group (i.e., X?(1) = 6.4, p = .022) and
between the HCL group and the control group (i.e., X*(1) = 8.9, p = .0085); but not between the
LCL group and the control group (i.e., X2(1) = 0.46, p = .50). More specifically, the HCL group
showed higher same-position percentages for the experimentally restricted condition (i.e.,
compared with LCL group: X*(1) = 8.1, p = .026; compared with the control group: X*(1) = 6.04,

p =.07), while not for the unrestricted condition (i.e., all X>(1) < 1).

3 Discussion
The present study investigated the interfering effect of adult’s cognitive control abilities

on implicit language learning. It corroborates recent findings from the skill learning literature that
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shows enhanced statistical learning abilities in conditions where the higher cognitive system is
suppressed (e.g., Borragan et al., 2016; Galea et al., 2010; Nemeth, Janacsek, Polner, et al.,
2013). Overall, our results were as predicted. The group with depleted cognitive control resources
(i.e., under high cognitive load) showed the strongest and earliest learning effects on the
phonotactic constraint task, similar to what we observed in a previous child-adult comparison on
the speech error-task (Smalle, Muylle, et al., 2017). In fact, just like what is seen in the children,
only the cognitively depleted group showed learning on the first training session. This supports
the idea that late-developing cognitive functions, and in particular attentional control, is an

important antagonist on the effective outcomes of language learning.

Overall, our findings support the widely supported though poorly understood sensitive
period hypothesis, by attributing developmental changes in language acquisition to maturational
changes in attention and memory capacities (cf. less-is-more hypothesis, Newport, 1990).
Thiessen and colleagues quite recently renewed interest in the less-is-more hypothesis as a
preferred explanation for the sensitive period debate (Thiessen et al., 2016). Rather than arguing
that children have access to a set of implicit learning processes that appear unavailable to adults
(cf. the mechanism-change or discontinuity hypothesis), one should consider maturational
changes in the cognitive architecture underlying human learning as a valuable explanation for
age-related sensitivities in language acquisition (Thiessen et al., 2016). Attention and memory
capacities change dramatically as a function of age, and adults are much better than children at
effortful controlling their focus of attention (Craik & Bialystok, 2006). This may be largely
disadvantageous for language acquisition: adults are more likely to explicitly search for input that
matches their expectations (or pre-existing knowledge), preferring explicit learning over implicit

learning (Batterink, Paller, & Reber, 2019; Batterink, Reber, Neville, & Paller, 2015). This
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makes them less sensitive to hidden statistical structures in the environment (see for instance,
Fletcher et al., 2005; Janacsek et al., 2012; Thompson-Schill et al., 2009, for similar arguments in
the perceptual motor domain). Moreover, higher attentional control may cause adults to miss out
on seemingly irrelevant idiosyncratic information in the linguistic input. For instance, in Dutch,
as well as in English, vowels are largely unrelated to whether particular consonants are onsets or
codas and so hidden units that detect and code for vowel-consonant dependencies in phonotactic
learning are inhibited (Dell et al., 2019). When this type of information becomes relevant (for
instance, within the setting of an experiment), time is needed to disinhibit the weights of these
units again. We know from the literature that children have rather noisy encoding systems,
meaning that they encounter many alternative sources of information to a learning situation
without inhibiting one over the other (Thiessen et al., 2016). This is particularly useful for finding
consistency across probabilistic or inconsistent input, such as with (ir)regular plural forms,
speech and/or novel word mappings (see Thiessen et al., 2016, for a review). Here, we observe
that cognitive depletion, a mental state that is highly associated with difficulties suppressing
irrelevant information and focusing attention (Faber, Maurits, & Lorist, 2012), enhances
outcomes on a phonotactic constraint learning task. This is consistent with the above presented
alternative view on the sensitive age hypothesis. It also confirms an earlier finding from the
language learning literature showing that adults learning an unfamiliar sign language tend to
generalize more successfully under distraction (Cochran et al., 1999). The findings are moreover
highly in line with very recent work from our lab that shows enhanced speech segmentation
abilities (i.e. implicit statistical learning) in adults where the higher cognitive system is depleted,
either by using Transcranial Magnetic Stimulation (TMS) to the left dorsolateral prefrontal cortex
(DLPFC) or by using the presently used TloadDback task (Smalle, Daikoku et al., in

preparation). Together, our findings corroborate the idea that a continuously available learning
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mechanism (i.e., implicit statistical learning) can give rise to discontinuous language outcomes
due to changes in the cognitive system (Thiessen et al., 2016). This is further supported by recent
work in the aging literature that shows that older adults are still able to pick up novel linguistic
constraints despite (or thanks to) an overall decline in cognitive functioning (Palmer, Hutson, &

Mattys, 2018; Muylle, Smalle & Harstuiker, under review).

3.1 Further considerations

Is an offline consolidation period needed for learning novel phonotactic constraints?
Previous work with typical adults showed that conditional, or second-order, patterns such as “/t/
is an onset and /k/ is a coda if the vowel is /i:/ while /k/ is an onset and /t/ is coda if the vowel is
/@:/” are learned more slowly than first-order constraints (e.g. /t/ is an onset and /k/ is a coda all
the time) (Anderson & Dell, 2018). In fact, in adults, speech errors only begin to reflect second-
order constraints during a second training session on the following day, implying the need for an
offline consolidation period (Anderson & Dell, 2018; Bian & Dell, 2019; Craik & Bialystok,
2006; Dell, Kelley, Bian, & Holmes, 2019; Warker & Dell, 2006). Even adding an extra training
session on the first day, for instance by doubling the amount of trials (Warker, 2013), is not
sufficient for learning to emerge; unless a daytime nap is involved (Gaskell et al., 2014). This
suggests that sleep is necessary for the acquisition of novel, second-order constraints. However,
there are circumstances in which second-order patterns are quickly learned, such as in young
participants (Anderson & Dell, 2018; Smalle, Muylle, et al., 2017). This indicates that the need
for consolidation is primarily a property of the mature language system (Dell et al., 2019). Dell
and colleagues recently proposed a hidden unit account to explain these (and other)
circumstances for rapid learning, by arguing that this arises from variations in the availability of
the hidden units that can detect conditional vowel-consonant conjunctions (Dell et al., 2019). As
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these conjunctions are largely irrelevant for syllabification in English, as well as in Dutch, they
become backgrounded in the mature system while this is not yet true for an immature system.
Hence, an offline consolidation period is needed for adults to offset and change the weights
between units again. Here, we argue that mature cognitive-control abilities presumably play an
important (mediating) role in this process. By reducing attentional control, either by sleep or by
cognitive depletion, the suppression of the seemingly irrelevant hidden units is released again. As
a result, adults become more susceptible to the (backgrounded) connection weights, similar to
children, and early learning is revealed. This is highly consistent with our main finding that the
high cognitive load adults, but not the low cognitive load adults, show (strong) learning already
on the first day of training, similar to what we see in children. Note that there was evidence for
offline consolidation (i.e., interaction between Day and Restrictedness) in the non-depleted
groups (but see Supplementary Analyses for Coder 2), suggesting that sleep presumably plays a
necessary role in conditions where cognitive-control resources are available. Future research
should determine whether cognitive depletion supersedes sleep in protecting rapid, implicit
language learning, or, alternatively, whether cognitive depletion and sleep offer unique

contributions to adult language acquisition.

Ambrus et al. (2020) recently found that a TMS-induced suppression of the left DLPFC
enhanced implicit learning of non-adjacent dependencies in the SRT task (cf., perceptual-motor
domain), but that this effect only appeared after 24 hours (including sleep). Chen, Roig, and
Wright (2020), in contrast, found that a brief bout of cardiovascular exercise (known to protect
procedural memory from interference induced by declarative learning) enhanced the learning of
adjacent dependencies after 6 hours of wakefulness. These findings suggest that the need for

sleep-dependent consolidation (and the effect of cognitive depletion) depends on the nature of the
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to-be-learned pattern (i.e., adjacent or non-adjacent). Second-order phonotactic constraints in
which mutually constraining elements are adjacent (e.g. the position of a consonant depends on
an adjacent medial vowel), as tested here, are common in most Indo-European languages (Warker
et al., 2008). In contrast, nonadjacent phonotactic constraints are much less common but they do
occur in some languages (e.g., vowel harmony in Finnish), and hence should be “learnable” (Koo
& Cole, 2006; see, Warker et al., 2008). Warker et al. (2008) tested whether non-adjacent
second-order phonotactic constraints can be learned by English-speaking adults (see also, Warker
& Dell, 2006). In their Experiment 1, the position of a consonant (onset or coda) depended on the
identity of a nonadjacent medial consonant (e.g., if the middle consonant of consonant-vowel-
consonant-vowel-consonant-vowel is /v/, /g/ is an onset and /k/ is a coda, but if it is /b/, /k/ is an
onset and /g/ is a coda; e.g. hevek geveng fevem leves versus mebef keben hebeng sebeg). Overall,
the results demonstrated that adults were able to learn these non-adjacent dependencies too (albeit
to a somewhat weaker extent than adjacent contingencies) (Warker & Dell, 2006; Warker et al.,
2008). Interestingly, the learning effect was only visible from the second day of training similar
to the time course that is seen for adjacent constraints. This illustrates that sleep-dependent
consolidation is needed for second-order phonotactic learning in adults, independently of the
nature of the linguistic constraint (i.e., adjacent or non-adjacent), in contrast to what is seen in the
motor domain (Ambrus et al., 2020; Chen et al., 2020). The participants in Warker et al. (2008)
were unable to learn phonotactic-like constraints that hinged on speech rate (cf. Experiment 2,
Warker et al., 2008), further suggesting that any type of phonotactic constraint learning is
possible as long as the constraint is linguistically “learnable”. Phonotactic rules that depend on
extra-linguistic features, such as speech rate or a speaker’s voice, do not exist in the natural
language production system and so the required hidden units are non-existent (Dell et al., 2019).

The question relevant for the present study remains how quickly children learn linguistically
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“learnable” non-adjacent constraints compared with adults, and, importantly, whether the early
time course in children can be simulated in adults under cognitive depletion. This would be an

interesting follow-up study to the present work.

We noticed that there were group differences in the self-assessed baseline level of fatigue

(i.e., NRSpre, i.e., 1: I feel no fatigue to 10: I feel the worst possible fatigue). The low cognitive
load participants rated themselves overall higher on the visual scale than the high cognitive load
group. Importantly, the main group results do not change when accounting for these baseline
differences (i.e., NRS_pre: X?(1) < 1, Group x Restrictedness: X*(2) =9.28, p < .01). Moreover,
we have no strong reasons to assume that these differences could have confounded our main
results: First of all, the phonotactic learning score (i.e., effect of Restrictedness) did not interact
with baseline fatigue scores across all groups (i.e., Restrictedness x NRS pre: = 0.024, SE =
0.066, Z < 1, X?(1) < 1). Secondly, there were no baseline differences between the control group

and the high cognitive load group while learning differed significantly between these two groups.

3.2 Conclusion

We conclude that adults seem to benefit from a cognitive depleted system when learning
linguistic input. This supports a well-known, but poorly empirically supported, theoretical view
that the adult deterioration in language acquisition abilities might be due to age-related changes
in the maturing cognitive system. Late-developing cognitive abilities, and in particular attentional
control may interfere with basal, implicit learning processes important for language acquisition.
This is highly in line with evidence from the perceptual and motor learning literature. As such,
human skill acquisition, including language, presumably relies on a set of continuously available
domain-general (implicit) learning processes that interact dynamically with the cognitive system
across the human life span.
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Context of Research

In 2005, on the occasion of its 125th anniversary, the journal Science put forward the question
‘why children appear better language learners than adults’ as a fundamental but unresolved issue
in human science (Kennedy & Norman, 2005). More than ten years later, the question remains.
Language learning is complex and involves unconsciously picking up statistical regularities from
continuous streams of speech sounds, such as word boundaries or rules on phoneme order. Our
research findings over the past 5 years, which combine various language learning paradigms,
converge towards the idea that higher cognitive abilities interfere with implicit learning processes
in adults (Smalle et al., 2016; Smalle, Muylle et al., 2017; Smalle, Panouilléres et al., 2017; Smalle
et al., 2018; Smalle, Daikoku et al., in preparation). New evidence suggests that the ability to
synchronize speech movements with auditory speech rhythms is associated with the ability to learn
language (Assaneo et al., 2019). Motor mechanisms that control speech movements are crucially
involved in understanding speech (e.g., Smalle et al., 2015), but the exact role that they play in
language learning remains unknown. We test the hypothesis that auditory-motor speech processes
contribute to implicit language learning, while implicit learning receives competition from the
higher cognitive system with age (cf., current work). Our long-term goal is to elucidate the agonist
and antagonist mechanisms sub-serving language acquisition, to help developing a dynamic
neurocognitive model for the acquisition of language and advance our understanding of why some

individuals, like children, are better language learners than others.

28



10

11

12

Declaration of conflict of interest
None
Research Data

Pre-registered predictions on https://osf.io/deSna. The transcribed datasets, scripts for analyses,

and supplementary files are available via osf.io/fegb2.

CRediT author statement

Eleonore H.M. Smalle: Conceptualization, Methodology, Software, Validation, Formal Analysis,
Investigation, Writing — Original draft, Review & Editing, Visualization, Supervision, Project
administration, Funding acquisition. Merel Muylle: Software, Formal Analysis, Visualization,
Writing — Review & Editing. Wouter Duyck: Conceptualization, Supervision, Funding
acquisition, Writing — Review & Editing. Arnaud Szmalec: Conceptualization, Supervision,

Funding acquisition, Writing — Review & Editing.

29



10

11

12

13

14

15

16

17

18

19

20

21

References

Ambrus, G. G., Vékony, T., Janacsek, K., Trimborn, A. B. C., Kovéacs, G., & Nemeth, D. (2020).
When less is more: Enhanced statistical learning of non-adjacent dependencies after
disruption of bilateral DLPFC. Journal of Memory and Language, 114, 104144.

doi:https://doi.ore/10.1016/1.jm1.2020.104144

Anderson, N. D., & Dell, G. S. (2018). The role of consolidation in learning context-dependent
phonotactic patterns in speech and digital sequence production. Proceedings of the
National Academy of Sciences, 115(14),3617-3622. doi:10.1073/pnas.1721107115

Anderson, N. D., Holmes, E. W., Dell, G. S., & Middleton, E. L. (2019). Reversal shift in
phonotactic learning during language production: Evidence for incremental learning.
Journal of Memory and Language, 106, 135-149.

Bates, D., Kliegl, R., Vasishth, S., & Baayen, H. (2015). Parsimonious mixed models. arXiv
preprint arXiv:1506.04967.

Bates, D., Méchler, M., Bolker, B., & Walker, S. (2014). Fitting linear mixed-effects models
using lme4. arXiv preprint arXiv:1406.5823.

Batterink, L. J., Paller, K. A., & Reber, P. J. (2019). Understanding the Neural Bases of Implicit
and Statistical Learning. Topics in Cognitive Science, 11(3), 482-503.
doi:10.1111/tops.12420

Batterink, L. J., Reber, P. J., Neville, H. J., & Paller, K. A. (2015). Implicit and explicit
contributions to statistical learning. Journal of Memory and Language, 83, 62-78.

Bian, Y., & Dell, G. S. (2019). Novel stress phonotactics are learnable by English speakers:

Novel tone phonotactics are not. Memory & Cognition. doi:10.3758/s13421-019-01000-9



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Borragan, G., Slama, H., Bartolomei, M., & Peigneux, P. (2017). Cognitive fatigue: A Time-
based Resource-sharing account. Cortex, 89, 71-84. doi:10.1016/j.cortex.2017.01.023

Borragan, G., Slama, H., Destrebecqz, A., & Peigneux, P. (2016). Cognitive fatigue facilitates
procedural sequence learning. Frontiers in Human Neuroscience, 10, 86.

Brown, R. M., & Robertson, E. M. (2007). Off-Line Processing: Reciprocal Interactions between
Declarative and Procedural Memories. The Journal of Neuroscience, 27(39), 10468-
10475. doi:10.1523/jneurosci.2799-07.2007

Buysse, D. J., Reynolds, C. F., 3rd, Monk, T. H., Berman, S. R., & Kupfer, D. J. (1989). The
Pittsburgh Sleep Quality Index: a new instrument for psychiatric practice and research.
Psychiatry Res, 28(2), 193-213. doi:10.1016/0165-1781(89)90047-4

Chen, J., Roig, M., & Wright, D. L. (2020). Exercise reduces competition between procedural
and declarative memory systems. Eneuro, 7(4).

Cleeremans, A., Destrebecqz, A., & Boyer, M. (1998). Implicit learning: News from the front.
Trends in cognitive sciences, 2(10), 406-416. doi:10.1016/S1364-6613(98)01232-7

Cochran, B. P., McDonald, J. L., & Parault, S. J. (1999). Too Smart for Their Own Good: The
Disadvantage of a Superior Processing Capacity for Adult Language Learners. Journal of

Memory and Language, 41(1), 30-58. doi:https://doi.org/10.1006/jmla.1999.2633

Craik, F. L., & Bialystok, E. (2006). Cognition through the lifespan: mechanisms of change.
Trends in cognitive sciences, 10(3), 131-138.

De Rosario-Martinez, H., Fox, J., Team, R. C., & De Rosario-Martinez, M. H. (2015). Package
‘phia’. CRAN repository. Retrieved, 1,2015.

De Vries, M. H., Barth, A. C., Maiworm, S., Knecht, S., Zwitserlood, P., & Floel, A. (2010).
Electrical stimulation of Broca's area enhances implicit learning of an artificial grammar.

Journal of cognitive neuroscience, 22(11), 2427-2436.

31



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Dell, G. S., Kelley, A. C., Bian, Y., & Holmes, E. W. (2019). Tuning the blueprint: how studies
of implicit learning during speaking reveal the information processing components of the
production system. Language, Cognition and Neuroscience, 34(9), 1246-1256.
doi:10.1080/23273798.2019.1613553

Dell, G. S., Reed, K. A., Adams, D. R., & Meyer, A. S. (2000). Speech errors, phonotactic
constraints, and implicit learning: a study of the role of experience in language
production. J Exp Psychol Learn Mem Cogn, 26(6), 1355-1367.

Faber, L. G., Maurits, N. M., & Lorist, M. M. (2012). Mental Fatigue Affects Visual Selective
Attention. PLoS ONE, 7(10), e48073. doi:10.1371/journal.pone.0048073

Finn, A. S., Lee, T., Kraus, A., & Hudson Kam, C. L. (2014). When It Hurts (and Helps) to Try:
The Role of Effort in Language Learning. PLoS ONE, 9(7), e101806.
doi:10.1371/journal.pone.0101806

Fletcher, P. C., Zafiris, O., Frith, C. D., Honey, R. A., Corlett, P. R., Zilles, K., & Fink, G. R.
(2005). On the benefits of not trying: brain activity and connectivity reflecting the
interactions of explicit and implicit sequence learning. Cereb Cortex, 15(7), 1002-1015.
doi:10.1093/cercor/bhh201

Foerde, K., Knowlton, B. J., & Poldrack, R. A. (2006). Modulation of competing memory
systems by distraction. Proceedings of the National Academy of Sciences, 103(31),
11778-11783.

Frank, M. J., O'Reilly, R. C., & Curran, T. (2006). When memory fails, intuition reigns:
midazolam enhances implicit inference in humans. Psychol Sci, 17(8), 700-707.
doi:10.1111/5.1467-9280.2006.01769.x

Fromkin, V. A. (1971). The Non-Anomalous Nature of Anomalous Utterances. Language, 47(1),

27-52. do1:10.2307/412187

32



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Galea, J. M., Albert, N. B., Ditye, T., & Miall, R. C. (2010). Disruption of the dorsolateral
prefrontal cortex facilitates the consolidation of procedural skills. Journal of cognitive
neuroscience, 22(6), 1158-1164.

Gaskell, M. G., Warker, J., Lindsay, S., Frost, R., Guest, J., Snowdon, R., & Stackhouse, A.
(2014). Sleep underpins the plasticity of language production. Psychol Sci, 25(7), 1457-
1465. doi:10.1177/0956797614535937

Horne, J. A., & Ostberg, O. (1976). A self-assessment questionnaire to determine morningness-
eveningness in human circadian rthythms. International journal of chronobiology.

Janacsek, K., Fiser, J., & Nemeth, D. (2012). The Best Time to Acquire New Skills: Age-related
Differences in Implicit Sequence Learning across Human Life Span. Developmental
science, 15(4), 496-505. doi:10.1111/5.1467-7687.2012.01150.x

Juhasz, D., Nemeth, D., & Janacsek, K. (2019). Is there more room to improve? The lifespan
trajectory of procedural learning and its relationship to the between- and within-group
differences in average response times. PLoS ONE, 14(7), e0215116.
doi:10.1371/journal.pone.0215116

Jusczyk, P. W., Friederici, A. D., Wessels, J. M. 1., Svenkerud, V. Y., & Jusczyk, A. M. (1993).
Infants’ Sensitivity to the Sound Patterns of Native Language Words. Journal of Memory

and Language, 32(3), 402-420. doi:https://doi.org/10.1006/jmla.1993.1022

Kithner, 1., Wriessnegger, S. C., Miiller-Putz, G. R., Kiibler, A., & Halder, S. (2014). Effects of
mental workload and fatigue on the P300, alpha and theta band power during operation of
an ERP (P300) brain—computer interface. Biological Psychology, 102, 118-129.

doi:https://doi.org/10.1016/j.biopsycho.2014.07.014

Kennedy, D., & Norman, C. (2005). What Don't We Know? Science, 309(5731), 75-75.

doi:10.1126/science.309.5731.75

33



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Kittredge, A. K., & Dell, G. S. (2016). Learning to speak by listening: Transfer of phonotactics
from perception to production. Journal of Memory and Language, 89, 8-22.

doi:https://doi.org/10.1016/1.jm1.2015.08.001

Koo, H., & Cole, J. (2006). On learnability and naturalness as constraints on phonological
grammar. Paper presented at the ITRW on Experimental Linguistics.

Krishnan, S., Watkins, K. E., & Bishop, D. V. M. (2016). Neurobiological Basis of Language
Learning Difficulties. Trends in cognitive sciences, 20(9), 701-714.

doi:https://doi.org/10.1016/1.tics.2016.06.012

Lenneberg, E. H. (1967). The biological foundations of language. Hospital Practice, 2(12), 59-
67.

Muylle, M., Smalle, E. H., & Hartsuiker, R. (2019). Rapid phonotactic constraint learning in
aging: Evidence from speech errors. Retrieved from osf.io/mzn9j.

doi:https://doi.org/10.31234/osf.i0/erfuv

Nemeth, D., Janacsek, K., & Fiser, J. (2013). Age-dependent and coordinated shift in
performance between implicit and explicit skill learning. Frontiers in computational
neuroscience, 7, 147-147. doi:10.3389/fncom.2013.00147

Nemeth, D., Janacsek, K., Polner, B., & Kovacs, Z. A. (2013). Boosting human learning by
hypnosis. Cerebral cortex, 23(4), 801-805.

Newport, E. L. (1990). Maturational constraints on language learning. Cognitive science, 14(1),
11-28.

Newport, E. L., Bavelier, D., & Neville, H. J. (2001). Critical thinking about critical periods:
Perspectives on a critical period for language acquisition. In Language, brain, and
cognitive development: Essays in honor of Jacques Mehler. (pp. 481-502). Cambridge,

MA, US: The MIT Press.

34



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Onishi, K. H., Chambers, K. E., & Fisher, C. (2002). Learning phonotactic constraints from brief
auditory experience. Cognition, 83(1), B13-B23.

Palmer, S. D., Hutson, J., & Mattys, S. L. (2018). Statistical learning for speech segmentation:
Age-related changes and underlying mechanisms. Psychology and aging, 33(7), 1035.

Pascual-Leone, A., Wassermann, E. M., Grafman, J., & Hallett, M. (1996). The role of the
dorsolateral prefrontal cortex in implicit procedural learning. Exp Brain Res, 107(3), 479-
485.

Poldrack, R. A., Clark, J., Pare-Blagoev, E. J., Shohamy, D., Creso Moyano, J., Myers, C., &
Gluck, M. A. (2001). Interactive memory systems in the human brain. Nature, 414(6863),
546-550. do0i:10.1038/35107080

Poldrack, R. A., & Packard, M. G. (2003). Competition among multiple memory systems:
converging evidence from animal and human brain studies. Neuropsychologia, 41(3),
245-251.

Robertson, E. M. (2007). The serial reaction time task: implicit motor skill learning? Journal of
Neuroscience, 27(38), 10073-10075.

Shigihara, Y., Tanaka, M., Ishii, A., Kanai, E., Funakura, M., & Watanabe, Y. (2013). Two types
of mental fatigue affect spontaneous oscillatory brain activities in different ways.
Behavioral and Brain Functions, 9(1), 2. doi:10.1186/1744-9081-9-2

Smalle, E. H., Muylle, M., Szmalec, A., & Duyck, W. (2017). The different time course of
phonotactic constraint learning in children and adults: Evidence from speech errors. J Exp
Psychol Learn Mem Cogn, 43(11), 1821-1827. doi:10.1037/xIm0000405

Smalle, E. H., Page, M. P. A., Duyck, W., Edwards, M., & Szmalec, A. (2018). Children retain
implicitly learned phonological sequences better than adults: a longitudinal study. Dev

Sci, 21(5), €12634. doi:10.1111/desc.12634

35



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Smalle, E. H., Panouilleres, M., Szmalec, A., & Moéttonen, R. (2017). Language learning in the
adult brain: disrupting the dorsolateral prefrontal cortex facilitates word-form learning.
Scientific Reports, 7(1), 13966.

Song, S., Howard, J. H., Jr., & Howard, D. V. (2008). Perceptual sequence learning in a serial
reaction time task. Exp Brain Res, 189(2), 145-158. doi:10.1007/s00221-008-1411-z

Squire, L. R., & Dede, A. J. (2015). Conscious and unconscious memory systems. Cold Spring
Harbor perspectives in biology, 7(3), a021667.

Thiessen, E. D., Girard, S., & Erickson, L. C. (2016). Statistical learning and the critical period:
how a continuous learning mechanism can give rise to discontinuous learning. Wiley
Interdisciplinary Reviews: Cognitive Science, 7(4), 276-288.

Thompson-Schill, S. L., Ramscar, M., & Chrysikou, E. G. (2009). Cognition without control:
When a little frontal lobe goes a long way. Curr Dir Psychol Sci, 18(5), 259-263.
doi:10.1111/5.1467-8721.2009.01648.x

Uddén, J., Folia, V., Forkstam, C., Ingvar, M., Fernandez, G., Overeem, S., . . . Petersson, K. M.
(2008). The inferior frontal cortex in artificial syntax processing: An rTMS study. Brain
research, 1224, 69-78.

Ullman, M. T. (2004). Contributions of memory circuits to language: the declarative/procedural

model. Cognition, 92(1), 231-270. doi:https://doi.org/10.1016/j.cognition.2003.10.008

Ullman, M. T. (2006). Is Broca's Area Part of a Basal Ganglia Thalamocortical Circuit? Cortex,

42(4), 480-485. doi:https://doi.org/10.1016/S0010-9452(08)70382-4

Virag, M., Janacsek, K., Horvath, A., Bujdoso, Z., Fabo, D., & Nemeth, D. (2015). Competition
between frontal lobe functions and implicit sequence learning: evidence from the long-
term effects of alcohol. Exp Brain Res, 233(7), 2081-2089. doi:10.1007/s00221-015-

4279-8

36



10

11

Warker, J. A. (2013). Investigating the retention and time course of phonotactic constraint
learning from production experience. Journal of Experimental Psychology: Learning,
Memory, and Cognition, 39(1), 96-109. doi:10.1037/a0028648

Warker, J. A., & Dell, G. S. (2006). Speech errors reflect newly learned phonotactic constraints. J
Exp Psychol Learn Mem Cogn, 32(2), 387-398. d0i:10.1037/0278-7393.32.2.387

Warker, J. A., & Dell, G. S. (2015). New phonotactic constraints learned implicitly by producing
syllable strings generalize to the production of new syllables. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 41(6), 1902.

Warker, J. A., Dell, G. S., Whalen, C. A., & Gereg, S. (2008). Limits on learning phonotactic
constraints from recent production experience. J Exp Psychol Learn Mem Cogn, 34(5),

1289-1295. do0i:10.1037/a0013033

37



Table 1. Percentage of same-position errors of unrestricted and restricted consonants in the

(extra) control group, the low cognitive load group (LCL) and the high cognitive load group

(HCL).
Unrestricted  SE Restricted SE contrast

Control Day 1 82.2 1.6 86.8 2.5 ns
Day 2 74.4 23 93.1 2.5 *x
N Errors 522 291

LCL Day 1 73.6 24 83.8 2.6 ns
Day 2 72.5 2.8 90.9 2.6 *x
N Errors 596 318

HCL Day 1 76.5 2.7 94.5 1.8 otk
Day 2 74.3 3.7 94.7 3.0 *x
N Errors 391 221

*Hkp <.001, **p < .01

38



Welcome
Day 0 + TloadDback

Pretest

Questionnaires

T T T T T T TS e N S

1 L

1 L

H [ . .
Day 1 Welcome NRS | 1 TloadDback | 1 NRS Phonotacic Constraint

i Vi learning

I\\ /II : !

T IS NI

1 LI

1 L

1 L) ) .
Day 2 Welcome NRS | | TloadDback "' NRS Phonotacic Constraint

i i learning

% g !

y 4 Y3 »
L4
5-10 min + 16 min 30 min

Figure 1. Experimental Procedure. Please note that the extra group of control participants were

not exposed to the tasks that are presented in dashed lines.
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tiek sief mien hieng

1bps “repeat1xintime with metronome” (practice)
N/

2,53 bps “repeat 3 x in time with metronome”

Press space

2nd presentation trial (1 syllable / s)

neum keut feus heung

2,53 bps

Press space

... 96 trials

Figure 2. Trial procedure for the speech error task (cf. phonotactic constraint learning).
Participants received one set of 96 sequence trials on each training day. Each sequence contained
four novel word forms of the structure consonant-vowel-consonant, which the participants
repeated in time with a metronome to induce tongue twisters and particularly consonant
movements. In total, eight different consonants were used that appeared once per sequence. The
vowels were presented alternatingly between sequence trials. Participants were not informed
about the underlying (language-wide, experiment-wide and unrestricted) vowel-consonant

dependencies (i.e., the phonotactic constraints).
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Figure 3. TloadDback task performance under high and low cognitive load conditions (HCL,
LCL) across both sessions. Please note that the HCL group performs around the minimal 85%

accuracy level that was defined during the pretest. Error bars denote 95% confidence intervals.
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Figure 4. Left: Participant’s numerical rating for their subjective feeling of ‘fatigue’ (1: I feel no
fatigue to 10: I feel the worst possible fatigue). This was assessed at the start of the experiment
(i.e., pre) and immediately after performing the TloadDback task (i.e. post) to check for cognitive
fatigue induction (Right). This is defined as the difference between the numerical rating score
given before (i.e. pre) versus after (i.e. post) performing the TloadDback task and divided by the
participant’s baseline rating of fatigue (only for the cognitive load participants, see Figure 1).

Error bars denote 95% confidence intervals. * p < .05, ** p <.01
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