
REGULAR ARTICLE

Cognitive abilities underlying the earliest stages of second language acquisition: 
an artificial language study
Panagiotis Kenanidisa, Miquel Llomparta,b, Diana Pili-Mossc and Ewa Dąbrowskaa,d

aChair of Language and Cognition, Department of English and American Studies, Friedrich-Alexander-Universität Erlangen-Nürnberg, 
Erlangen, Germany; bDepartment of Translation and Language Sciences, Universitat Pompeu Fabra, Barcelona, Spain; cInstitute of English 
Studies, Faculty of Education, Leuphana Universität Lüneburg, Lüneburg, Germany; dDepartment of English Language and Linguistics, 
University of Birmingham, Birmingham, UK

ABSTRACT  
A central issue in second language (L2) acquisition concerns how explicit learning (EL) and implicit 
statistical learning (ISL) aptitudes contribute during the earliest stages of learning, and whether the 
effect of EL precedes that of ISL, as traditionally assumed, or can instead follow it. This paper 
explores these possibilities by tracking the contributions of these two aptitudes, as well as 
sustained attention (SA) to vocabulary and grammar learning across five sessions of exposure to 
an artificial language. Results indicated that vocabulary and grammar learning were modulated 
by EL and SA, with ISL additionally accounting for variance in vocabulary learning. Crucially, 
contrary to the standard view, for both grammar and vocabulary, the ISL effects were most 
pronounced early on, whereas the EL effects increased over time. These results underscore the 
dynamic interplay between the two aptitudes in early L2 acquisition and highlight the time- 
varying nature of their contributions.
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Introduction

It is widely accepted that second language (L2) learning 
outcomes are subject to large interindividual variation 
(Dörnyei, 2006; Kidd et al., 2018). The study of individual 
differences offers a powerful tool for gaining insights 
into the mechanisms underlying language development 
and for testing the predictions of different models of L2 
acquisition. In the pursuit of identifying the cognitive 
abilities and qualities that make someone adept at learn
ing a new language, researchers have shown long-stand
ing theoretical and empirical attention to the roles of 
aptitudes for explicit learning and implicit statistical 
learning1 (Andringa & Rebuschat, 2015; Granena, 2013; 
Li & DeKeyser, 2021). Contemporary cognitive models 
of L2 acquisition posit that these factors may exert 
their influence differentially across domains of L2 learn
ing and stages of development (DeKeyser, 2015; Ellis & 
Wulff, 2020; Ullman, 2020). Within this framework, a 
central theoretical issue concerns whether explicit apti
tude is primarily involved in initial L2 learning, with 
implicit aptitude contributing in more advanced 
phases, as traditionally assumed (e.g. Li & DeKeyser, 

2021), or whether implicit processes can exert an 
influence from the outset, setting the stage for sub
sequent explicit learning (see Godfroid, 2022). Yet, so 
far, surprisingly few studies have examined how individ
ual variation in these abilities affects learning outcomes 
over time, let alone considered the temporal dynamics 
of their contributions.

To examine how individual difference variables impact 
L2 learning and processing, a growing body of studies has 
used artificial language learning paradigms (Ettlinger et 
al., 2016). Such paradigms afford fine-grained control 
over the properties of the linguistic input and exposure 
conditions, while also limiting the influence of extraneous 
factors such as prior language exposure and experience. 
However, to date, the vast majority of studies have 
either tested L2 learning outcomes after only a single 
session of exposure to the artificial language or have 
focused on a particular subset of cognitive abilities, 
specifically declarative and procedural memory (e.g. 
Morgan-Short et al., 2014; Pili-Moss et al., 2020; Walker 
et al., 2020), leaving the temporal interplay of EL and 
ISL aptitudes largely unexplored.
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Using an artificial language paradigm, the present 
study set out to expand the current literature on cogni
tive individual differences in adult L2 learning by inves
tigating the extent to which implicit statistical learning 
and explicit learning aptitudes underpin L2 vocabulary 
and grammar learning outcomes at various time points 
of exposure. Furthermore, the role of sustained attention 
was also considered. Although closely linked to L2 acqui
sition, the predictive power of this ability has been 
insufficiently examined in artificial language learning 
contexts. Importantly, while sustained attention is essen
tial for explicit learning, the extent to which implicit stat
istical learning relies on it remains debated (Thiessen et 
al., 2013; Williams, 2009). Thus, by examining the individ
ual and joint contributions of these cognitive abilities to 
learning success, this study seeks to contribute to a 
better understanding of their timing and extent of 
engagement during the earliest stages of L2 learning.

Implicit statistical and explicit learning in L2 
learning

Implicit statistical learning (henceforth ISL) is broadly 
defined as the ability to detect and learn complex regu
larities in the environment and is characterised as a 
process that happens incidentally, without conscious 
intention and instructions to learn and without aware
ness of what is being learned (Christiansen, 2019; Frost 
et al., 2019; Granena, 2020). ISL proceeds rapidly and 
automatically when learners are exposed to input but 
leads to a gradual accumulation of knowledge through 
repeated exposure (Andringa & Rebuschat, 2015; Ellis, 
2005). It is typically thought to occur in incidental 
exposure contexts where participants are not informed 
about the learning target and the presence of a sub
sequent test phase (Granena & Yilmaz, 2018; Williams, 
2009) and can result in the acquisition of implicit knowl
edge (Rebuschat, 2013). On the other hand, explicit 
learning (EL) is generally conceptualised as a conscious, 
attention-driven operation at the point of learning, 
which is essential for the initial conscious registration 
of new information (Ellis, 2005; Hulstijn, 2005). In con
trast to ISL, it is commonly observed under intentional 
exposure conditions in which learners engage in deliber
ate hypothesis testing and memorisation of patterns or 
rules and contributes primarily to the emergence of 
explicit knowledge, which is often signified by its verba
lizability (Rebuschat & Williams, 2012; Williams, 2009).

In the context of adult second language (L2) acqui
sition, a number of scholars have acknowledged the sig
nificant role of EL mechanisms. This is because L2 
acquisition is customarily the outcome of a conscious 
decision and commonly takes place in instructional 

settings, which promotes explicit learning (Granena & 
Yilmaz, 2018). Moreover, abilities related to ISL, such as 
procedural memory, may be less readily available in 
adults, as they are thought to be affected by matura
tional constraints (DeKeyser, 2022; Paradis, 2009) and 
previous experiences (e.g. L1-tuned attention; Ellis, 
2006; MacWhinney, 2005). Nevertheless, rather than 
functioning in isolation, the involvement of both EL 
and ISL abilities is required for successfully acquiring a 
language later in life (DeKeyser, 2003; Ellis, 2022). 
Indeed, there is evidence that the two operate in paral
lel. The dynamic nature of the interaction between EL 
and ISL and language acquisition can be found in the 
fact that they exert their influence on L2 learning out
comes in a complementary way. For example, EL 
appears to be more effective at promoting learning of 
simple grammatical structures, while ISL facilitates learn
ing of more difficult ones (Li & DeKeyser, 2021; Suzuki 
et al., 2023; though see Antoniou et al., 2016; for an 
opposite pattern of results in incidental contexts). 
Furthermore, it has been argued that EL and ISL pro
cesses have time-varying effects, with the former being 
involved in initial L2 learning (Li, 2016) and the latter 
becoming more important in advanced stages (Li & 
DeKeyser, 2021). Importantly, however, this claim has 
yet to be tested in longitudinal studies.

The idea that EL and ISL are differentially engaged at 
various stages of learning appears to align with propo
sals from studies exploring the roles of declarative and 
procedural memory in language acquisition. This align
ment stems from the close overlap between ISL and pro
cedural memory, and EL and declarative memory, 
respectively. These two memory systems are at the 
centre of attention of several influential theoretical 
models of L2 learning (Skill Acquisition Theory: DeKey
ser, 2015; Paradis’ neurolinguistic theory of bilingualism: 
Paradis, 2009; Declarative/Procedural model: Ullman, 
2020), which notwithstanding some differences, all con
verge in predicting that at early stages of L2 learning, 
adults rely on their declarative memory abilities, and 
that with increased exposure to the L2, grammatical, 
but not necessarily lexical, knowledge may gradually 
depend more on procedural memory. However, 
although the distinction between EL and ISL is often 
equated with that between declarative and procedural 
memory, the terms are not isomorphic. The former dis
tinction is based on the presence or absence of con
scious awareness at the point of learning, whereas the 
latter refers to the brain structures underlying the two 
memory systems (Reber, 2008; Ullman, 2020). Addition
ally, it has been argued that both declarative and pro
cedural memory may be actively involved in ISL 
(Batterink et al., 2019; Reber, 2013), while declarative 
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memory appears to be the only system that underlies EL 
(Ullman, 2016, 2020).

Hence, given the lack of a perfect overlap between 
the two memory systems and the two learning pro
cesses, and since declarative memory may be implicated 
in some aspects of ISL, the relationship between ISL and 
EL could be more synergistic or reciprocal, rather than 
sequential, particularly during the earlier stages of 
exposure. One possibility is that initial EL or noticing 
may be required for promoting further ISL (Ellis, 2005; 
Schmidt, 1990). A second possibility is that, even 
before noticing takes place, early, often short-lived, ISL 
processes could trigger subsequent explicit processing 
(Godfroid, 2022; MacWhinney, 2022), potentially 
through detection of unexpected events during learning 
or shifts in attentional focus (Haider & Frensch, 2005). 
Therefore, the main aim of this study was to contribute 
to the line of research on ISL and EL by testing the 
dynamic interactions between them, and how they 
predict language outcomes at different time points 
during the very earliest stages of the L2 learning 
process. Understanding their independent contributions 
and interactions over the time course of L2 acquisition 
holds great promise for advancing the knowledge 
about their role in L2 acquisition (Batterink et al., 
2019), as well as for informing models of L2 acquisition.

Implicit statistical and explicit learning as 
predictors of L2 learning

ISL and EL are widely acknowledged as key individual 
factors influencing L2 acquisition and processing. Indi
viduals with better ISL abilities are found to be better 
at segmenting word boundaries, extracting chunks and 
(grammatical) regularities from linguistic input, and 
learning new form-meaning mappings, particularly in 
uninstructed contexts (e.g. Brooks & Kempe, 2013; 
Misyak & Christiansen, 2012; Speciale et al., 2004; see 
Armstrong et al., 2017; Siegelman, 2020, for reviews, 
and Ren et al., 2023, for a meta-analysis). Conversely, 
learners with strong EL skills are more adept at con
sciously reflecting on the new linguistic content (typi
cally, upon receiving instructions to do so), with the 
objective of inferring the grammatical functions of lin
guistic elements, deriving rules, and extracting arbitrary 
associations (e.g. sounds and meanings) from the input 
and retaining them in memory (Li, 2016; Skehan, 2002).

Still, capturing the contribution of individual differ
ences in these abilities to language acquisition has 
been far from straightforward. This applies particularly 
to ISL. Initially, ISL was thought to be a relatively stable 
cognitive capacity across individuals (Reber, 1993); 
however, this assertion was later revised (Reber & 

Allen, 2000), with subsequent studies affirming that sig
nificant variability exists among individuals (Kalra et al., 
2019; Kaufman et al., 2010). Complicating matters 
further, so far, there seems to be little evidence that 
ISL functions as a unitary construct operating similarly 
across different domains and modalities (see Frost et 
al., 2019; Siegelman, 2020 for discussion); that is being 
good at detecting embedded statistical regularities in 
aural input does not necessarily imply equal success 
when materials are presented in a different modality or 
when different types of responses are required (e.g. 
motor/non-motor, verbal/non-verbal; Perruchet, 2021). 
As a result, tasks used to assess ISL often fail to correlate 
with each other, yielding inconsistent findings 
(Buffington et al., 2021; Godfroid & Kim, 2021).

Measuring aptitude for EL, on the other hand, poses 
fewer challenges. Study participation per se can 
prompt participants to maintain a high level of alertness 
and employ deliberate hypothesis testing and, given 
that EL requires minimal exposure, its effects can be 
readily observed even in experiments of short duration 
(DeKeyser, 2003). Though also multi-componential in 
nature (Skehan, 2002), positive correlations between 
explicit tasks are typically reported (Buffington et al., 
2021; Granena, 2019) – as well as with other conscious 
cognitive abilities, such as working memory (Bo et al., 
2009; Frensch & Miner, 1994). Finally, a challenge 
common to both EL and ISL is that efforts to map the 
relationship between these abilities and language out
comes may be confounded by the prior knowledge 
learners bring into the learning task. For instance, differ
ences in previous exposure to specific grammatical 
structures and L2 proficiency, often difficult to control, 
may affect the extent to which learners will rely on ISL 
or EL mechanisms (see Godfroid & Kim, 2021).

One approach to addressing this last issue is through 
using artificial language paradigms, which allow 
researchers to fully control both the type and amount 
of input participants receive, minimising the influence 
of previous experience (Morgan-Short, 2020). Most perti
nent to our aim of examining the time-varying effects of 
ISL and EL on L2 acquisition, earlier studies employing 
such paradigms have sought to link individual differ
ences in declarative memory and procedural memory 
to variation in L2 grammar across different stages of 
exposure. Despite utilising a range of language 
measures (e.g. grammaticality judgment tests, picture 
selection tasks) and various implicit sequence or prob
abilistic learning tasks assessing procedural memory, 
results from this line of research find positive associ
ations between declarative memory and L2 grammar 
learning at earlier stages (Hamrick, 2015; Morgan-Short 
et al., 2014; Pili-Moss, 2022; Pili-Moss et al., 2020; 
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Walker et al., 2020) and, in some cases, a stronger 
relationship between procedural memory and language 
outcomes after sufficient exposure/practice (Hamrick, 
2015; Morgan-Short et al., 2014; cf. Pili-Moss et al., 2020; 
for reviews, see Hamrick et al., 2018; Morgan-Short et 
al., 2022). Notably, these studies examined grammar 
learning in uninstructed conditions. Although partici
pants received training in vocabulary, no metalinguistic 
explanation about the language was offered, in an 
attempt to approximate more natural/immersion-like set
tings and to limit over-reliance on explicit, declarative 
memory. Such a design seems to also provide a promising 
framework for investigating the dynamic effects of ISL 
and EL on the L2 acquisition process.

In contrast to grammar, fewer artificial language 
studies have tested the associations between individual 
differences in ISL and EL, or procedural and declarative 
memory, and L2 vocabulary across multiple sessions. 
An exception is Walker et al. (2020), who probed the 
roles of procedural and declarative memory in novel 
lexical learning at two time points: immediately after 
exposure and following a 24-hour delay. In this study, 
participants were not explicitly trained on the language; 
instead, they had to extract and acquire novel words 
through cross-situational statistics. The findings revealed 
a nuanced relationship between the two memory abil
ities and learning outcomes. On day 1, procedural 
memory was predictive of success with nouns and adjec
tives, while declarative memory was associated with 
verb learning. By day 2, however, declarative memory 
was also linked to improved accuracy in learning 
nouns and adjectives. The authors interpreted these 
findings as indicative of a shift in explicit attention 
from the well-acquired verbs on day 1 to the other 
lexical categories. These results not only underscore 
the strong role of explicit, conscious processes in novel 
vocabulary acquisition (Ellis, 2005; Ullman, 2020) but 
also provide evidence for a more synergistic relationship 
between explicit and implicit processes. Further research 
is, therefore, warranted to determine the role of ISL and 
EL in the early stages of L2 lexical learning.

Sustained attention in L2 learning

Sustained attention is defined as the ability to maintain 
alertness and focus on a particular target over an 
extended period of time (Langner & Eickhoff, 2013; 
Mirsky et al., 1991). It is regarded as a lower-order atten
tional function that contributes to other higher level 
cognitive constructs, such as working memory and EL. 
Sustaining attention to a task is thought to be crucial 
for effective learning (Wilson & Korn, 2007). However, 
conscious stimulus processing over time is effortful 

and, consequently, may lead individuals to experiencing 
momentary fluctuations and lapses of attention, causing 
them to briefly disengage from the task at hand. Such 
fluctuations are reflected in a decline in task perform
ance and can be manifested as slower reaction or 
reading times or increased errors (Esterman & Rothlein, 
2019; Smallwood & Schooler, 2006).

Previous research has demonstrated that learners’ 
ability to sustain attention over time correlates positively 
with performance in language production and compre
hension tasks (Hubbard & Federmeier, 2021; Jongman 
et al., 2015). To date, however, the largest body of 
research on the role of sustained attention in language 
acquisition has focused either on children with develop
mental language disorder or on comparing monolin
guals and bilinguals with the aim of measuring the 
impact of bilingualism on cognition. There has been 
much less research on how sustained attention contrib
utes to the early stages of L2 acquisition in adults and, to 
the best of our knowledge, its contribution has not been 
systematically investigated within the context of artificial 
language learning. There is some evidence that allocat
ing attention to novel linguistic items and constructions 
results in greater vocabulary and grammar learning 
(Godfroid et al., 2013; Indrarathne & Kormos, 2017). 
Nevertheless, the strength of the effect of sustained 
attention on the retention and learning of different 
aspects of an L2 during the initial stages of exposure is 
still unclear. An important aspect of examining sustained 
attention is that it also allows for exploring its potential 
associations with EL and ISL and ascertaining whether 
individual differences in this ability might influence 
their effect on language learning outcomes. While EL 
seems to rely heavily on attentional resources, the 
extent to which the more automatic ISL requires atten
tion is a still a matter of ongoing debate (Kaufman et 
al., 2010; Thiessen et al., 2013; West et al., 2021; Williams, 
2009).

The current study

Although the study of individual differences in L2 acqui
sition has received extensive attention (Li et al., 2022), 
earlier work has largely focused on a particular set of 
variables (mainly working, declarative, and procedural 
memory), leaving other abilities less explored. Addition
ally, a large body of research is based on natural 
languages, which despite their high ecological validity, 
may introduce some confounding variables (e.g. input 
quantity and level of proficiency), thus making it 
difficult to establish clear causal relationships between 
L2 achievement and different cognitive mechanisms. 
Such confounds can be mitigated by using artificial 
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language paradigms. However, to date, the length of 
most experiments is often confined to one or two ses
sions, providing just a limited number of data points 
to trace learning and thereby constraining the under
standing of how individual difference variables are 
involved at different stages of learning.

To address these gaps, the current study employs a 
new fully artificial language paradigm/design in an 
attempt to explore how learners’ individual differences 
in aptitudes for ISL and EL, and sustained attention 
influence the early development of L2 vocabulary and 
grammar, how these abilities interact, and whether their 
effects change as a function of exposure time (Li & DeKey
ser, 2021). Although, as mentioned earlier, both ISL and EL 
are comprised of multiple components, not all of those 
components were targeted here. ISL was measured 
through the visual statistical learning (VSL) task devel
oped by Siegelman et al. (2017). This task was selected 
for two main reasons: (a) it is characterised by good 
test-retest reliability and internal consistency, and (b) it 
correlates well with the auditory statistical learning task, 
which measures ISL in the auditory modality (Godfroid 
& Kim, 2021; Siegelman et al., 2018), thereby accounting, 
to some extent, for the componentiality of ISL.

On the other hand, EL was measured through a 
sequence learning task, which mirrored the VSL task, 
with key differences: participants were informed about 
the learning targets, provided with online visual cues 
indicating sequence boundaries, and were given explicit 
instructions to memorise the sequences. Doing so 
allowed us to compare the impact of ISL and EL abilities 
on language learning by testing them using very similar 
tasks, instead of employing tasks that tap into different 
modalities (e.g. serial reaction time, henceforth SRT, 
task and (verbal) paired associates, respectively). 
However, it should be noted that rather than directly 
assessing the absence or presence of awareness at the 
point of learning, these tasks primarily capture aptitudes 
for learning under conditions that encourage either 
implicit (or, at least, incidental) detection and extraction 
of patterns or guided, conscious memorisation, without 
isolating awareness as a defining feature. Finally, practi
cal reasons contributed to the selection of these tasks. 
Since data collection took place online, we opted for 
tasks that do not involve a motor component and, 
hence, do not rely on reaction times, like the SRT and 
alternating SRT do, ensuring that differences in partici
pants’ network quality would not affect the results.

The data presented here were collected as part of a 
larger online study investigating incidental learning of 
novel grammatical structures using an artificial language 
paradigm in L1 English and L1 German speakers (see 
Kenanidis et al., 2023 for a discussion on the role of L1 

experience in novel grammar learning). The target 
language, Kepidalo, uses case marking and has flexible 
word order, making inflectional morphology a critical 
cue for interpreting transitive sentences. Participants 
completed five experimental sessions during which 
they received vocabulary training while being inciden
tally exposed to the novel grammar and were assessed 
on their knowledge of the novel grammar. Following 
previous artificial language studies (e.g. Amato & Mac
Donald, 2010; Morgan-Short et al., 2014; Pili-Moss, 
2022), vocabulary training was initially provided, incor
porating corrective feedback in order to “bootstrap” 
the learning of grammar. Hence, vocabulary learning 
occurred under more intentional conditions, with feed
back, while grammar learning took place under more 
incidental conditions, without direct instruction or 
awareness of the rules.

The study was guided by the following questions: 

RQ1: Which cognitive abilities (EL, ISL, sustained atten
tion) support early L2 learning?

RQ2: Do the effects of EL and ISL on vocabulary learning 
under intentional exposure conditions remain stable or 
change during the earliest stages of L2 learning?

RQ3: Do the effects of EL and ISL on grammar learning 
under incidental exposure conditions remain stable or 
change during the earliest stages of L2 learning?

Regarding our first research question, based on earlier 
findings, positive relationships between all three predic
tors and artificial language learning outcomes were 
expected. Our predictions for the next two research 
questions were more tentative. Overall, since aptitude 
for EL is posited to play a prominent role in L2 acqui
sition, we expected to find a strong effect of EL on 
both vocabulary and grammar learning throughout the 
task, but particularly at the earliest stages of exposure, 
where more hypothesis testing is likely needed. Con
cerning ISL, two opposite hypotheses were considered. 
If the effect of ISL follows a pattern similar to that 
found for procedural memory, then its influence 
should grow stronger over time. Alternatively, if the facil
itative role of ISL on L2 learning becomes more evident 
in the face of increased cognitive complexity/difficulty, 
here referring to contextual difficulty arising from the 
lack of instructions and familiarity with the artificial 
language rather than grammatical complexity (DeKey
ser, 2016; Housen & Simoens, 2016), then ISL will serve 
as a better predictor at early stages of exposure.

Method

The current study is an extension of Kenanidis et al. 
(2023), presenting original analyses on the role of 
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individual differences predictors in shaping the learning 
outcomes observed in that earlier work. We proceed by 
providing an overview of the participants in the original 
study, the artificial language paradigm that learners 
were exposed to and the tasks that were administered. 
All artificial language learning tasks are described with 
reference to the original study.

Participants

Forty-one native speakers of English (mean age = 22.02 
years, SD = 4.17) took part in the study. They were 
native speakers of English that were raised in monolin
gual families in the UK, and their level of education 
ranged from 12 to 21 years (mean = 15.9, SD = 1.8). Par
ticipants were recruited online through Prolific and 
through advertisements on social networks (Facebook 
and Twitter) and were paid 60.70 GBP for their partici
pation. Data from these latter participants were col
lected via a link sent by email. Informed consent was 
obtained online from all participants and the study 
was conducted in accordance with the Declaration of 
Helsinki.

Ten additional participants completed more than one 
session but their submissions were rejected for one of 
the following reasons: (1) they were not UK residents 
as indicated by their computer-recorded local time- 
stamps (N = 3), (2) they did not complete all five sessions 
of the study (N = 6) and (3) they were not actively 
engaged with the artificial language learning tasks (as 
evidenced by extremely short reaction times during 
the training blocks; N = 1).2

Materials

Artificial language paradigm
In order to create a meaningful context for learning the 
novel language, participants were invited to complete 
an online computer-based game, during which they 
were tasked with saving the earth from an alien attack. 
Participants had to learn a new language and travel to 
an imaginary galaxy where they would complete a set 
of cognitive challenges (the individual differences 
tasks) to collect four weapons that would allow them 
to accomplish their goal. We decided to gamify the 
experiment since the addition of gamification elements, 
such as meaningful contexts, has been shown to 
improve learning achievement and motivation (Su & 
Cheng, 2015) and to lead to higher participant retention 
rates (Krause et al., 2015).

The target artificial language employed in this study, 
Kepidalo, consists of 14 disyllabic pseudowords (Appen
dix A): 8 nouns, half of which end in -i, and half of which 

in -a, 4 verbs, and 2 adjectives that were marked with 
different suffixes depending on the class of the noun 
to which they referred (-i or -a).3

Kepidalo displayed variable word order, with Subject- 
Object-Verb (SOV) being the canonical word order and 
Object-Subject-Verb the non-canonical, as shown in 
(1). To distinguish between the subject and the object, 
the accusative marker -o was affixed to the noun that 
was the object of the action. Adjectives were optional, 
appeared post-nominally and were also case marked 
to agree with the nouns they modified. Thus, Kepidalo 
sentences could be between three and five words in 
length. All artificial language stimuli were generated 
using a speech synthesiser (Google Cloud Text-to- 
Speech) and were presented to participants auditorily.

(1) a. NounNOM – (AdjNOM) – NounACC – (AdjACC) – Verb
b. NounACC – (AdjACC) – NounNOM – (AdjNOM) – Verb

Each sentence referred to an animated scene display
ing two aliens performing an action. There were eight 
aliens (corresponding to each noun), which could be 
either dark red or light green in colour (corresponding 
to each adjective) and could appear carrying out one 
of the following four actions: approaching, catapulting, 
chasing, or jumping over (corresponding to each verb). 
The word-referent pairings were the same across all par
ticipants. All animated scenes were initially generated in 
PowerPoint and were subsequently converted to GIF 
files. For a detailed description of the construction of 
the auditory and visual stimuli employed in the study, 
readers are referred to Kenanidis et al. (2023).

General procedure and design
The study consisted of five experimental sessions that 
were scheduled between 1 and 2 days apart. The ses
sions varied in terms of duration, with the first one 
being the longest (mean = 83.5 min) and the last one 
the shortest (mean = 35.6 min; Sessions 2, 3 and 4 
lasted approximately 50 min each). All tests were 
created and administered online using the Gorilla exper
iment builder (Anwyl-Irvine et al., 2020).

An overview of the study design is provided in Table 
1. Before beginning the study, participants completed a 
brief questionnaire that included questions about their 
demographics and linguistic background. Participants 
were then informed about the aim of the game but 
were not given any metalinguistic information about 
the grammar of the artificial language or about the pres
ence of a test phase. Note that while grammar learning 
was incidental, this was not the case for the learning of 
the vocabulary. In fact, in the pre-training, participants 
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were explicitly informed that their task was to learn the 
names of the aliens (nouns) and, similarly, before the 
Lexical Training, they were told that though they 
“learned enough words”, their task is to “learn some 
more Kepidalo” by paying attention to the sentences 
and the feedback they received. These instructions 
were aimed at raising learners’ awareness about their 
learning target and drawing their attention towards 
the semantic aspects of the language. This manipulation 
was consistent with previous artificial language learning 
studies in which the main goal of the study (i.e. syntax 
learning) was deliberately disguised (e.g. Grey et al., 
2014; Maie & DeKeyser, 2020; Rogers et al., 2016).

Finally, grammatical knowledge was assessed 
through two distinct tasks: a picture selection task and 
a grammaticality judgment task (GJT). The picture selec
tion task aimed to enhance the comparability of the 
grammatical data with that obtained for vocabulary, as 
an identical task was employed in both instances 
(including feedback in the vocabulary task). This 
approach also facilitates direct comparisons with 
recent artificial language studies that utilised similar 
tasks (e.g. Rebuschat et al., 2021; Walker et al., 2020). 
In contrast, the GJT provided a more in-depth examin
ation of participants’ understanding of grammatical 
structures by focusing on specific aspects of grammar 
(word order versus case marking, and nominative 
versus accusative case marking). This task was intention
ally designed to be more challenging for participants, as 
each sentence was presented only once and did not 
provide any visual cues for support (see descriptions 
below for more information).

Pre-training. Participants were trained on the eight 
nouns of the artificial language. Noun learning was 
assessed by means of a 4 alternative-forced-choice 
(4AFC) task. In each trial, four aliens of the same colour 
were presented, one on each quadrant of the screen, 
and a novel word referring to one of these aliens was 
played. Participants had to select the appropriate refer
ent for the novel word presented and were given explicit 
visual and audio feedback on their responses. All nouns 
were presented in the nominative form (e.g. alg-i). 
During the task, each alien served as a target an equal 
number of times. Participants proceeded to the next 

task irrespective of their final score. Data from this task 
were not used in the present study. For a more detailed 
description of the task see Kenanidis et al. (2023).

Lexical training. Immediately after the pre-training 
and at the beginning of each of the following 3 sessions, 
participants were trained on the vocabulary of the artifi
cial language via a two-alternative forced-choice task 
(2AFC). Each trial involved the auditory presentation of 
a sentence which was accompanied by two animated 
scenes (Figure 1A). If participants wanted, they could 
listen to each sentence a second time, and the videos 
repeated automatically until the participants responded. 
Participants were asked to select, as quickly and accu
rately as possible, the scene that matched the sentence. 
The two scenes differed in only one aspect, thus creating 
minimal pairs. That is, the target and distractor scenes 
were identical expect for one of the aliens (noun test 
trials), the action performed (verb test trials), or the 
colour of one of the aliens (adjective test trials). There
fore, knowledge of the lexical item referring to the 
aspect that was different in the two scenes was necess
ary for participants to correctly identify the target scene. 
Auditory and visual feedback was provided after each 
trial. The location of the target and distractor scenes 
was counterbalanced.

The task was divided into 3 training blocks of 90 trials 
each. The canonical SOV word order occurred in 200 sen
tences and the non-canonical OSV word order in 70 sen
tences. Noun, verb and adjective test trials appeared 
equally frequently (90 trials per lexical category) and 
were randomly intermixed within the 3 blocks. A 
different pseudorandomised order of presentation of 
the same 270 sentences was used for each session, but 
the sequence in which the sentences were presented 
was the same for all participants.

Grammatical comprehension test. To determine 
whether and when participants had learned the func
tional role of case marking in the artificial language, 
and by extension the presence of two word orders, a 
separate 2AFC task was administered. The procedure fol
lowed was identical to the lexical training task except 
that no feedback on the correctness of the response 
was provided. Participants heard a Kepidalo sentence 
and saw two animated scenes in which the same two 

Table 1. Summary of study design.
Session 1 Session 2 Session 3 Session 4 Session 5

Pre-training
Lexical Training Lexical Training Lexical Training Lexical Training Grammaticality Judgment 

Task
Grammatical Comprehension 

Test
Grammatical Comprehension 

Test
Grammatical Comprehension 

Test
Grammatical Comprehension 

Test
Implicit Statistical Learning 

Task
Sustained Attention  

Task
Explicit Learning  

Task
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aliens appeared performing the same actions, but with 
the agent and patient roles reversed (Figure 1B). 
Correct performance, therefore, required identification 
of the case markers. Learners were exposed to 90 pre
viously unheard sentences, 70 of which had SOV and 
20 had the OSV word order. The test sentences were 
the same in all sessions but were presented in a 
different randomised order in each session. The position 
of the target video on the screen was counterbalanced 
across trials.

Grammaticality judgment task. In session 5, a Gram
maticality Judgment Task (GJT) was administered to par
ticipants to further assess their knowledge of the 
grammar of the novel artificial language. Participants 
were exposed to 80 previously unheard sentences, half 
of which were grammatical and half of which were 
ungrammatical. There were five different types of viola
tions (see Appendix B), for each of which 8 ungramma
tical test items were presented. From those five 
violation types, two involved errors in word order, 
while the remaining three had case marking errors.

In each trial, a sentence was presented, and partici
pants were asked to decide whether the sentence 
sounded correct or not. All sentences were played only 
once, and no feedback was provided. In this task, half 
of the grammatical sentences appeared with the SOV 
and half with the OSV word order. The order of sentence 
presentation was randomised but was the same for all 
subjects.

Implicit statistical learning. ISL was measured through 
the VSL task that was originally developed by Siegelman 
et al. (2017). This task displays improved psychometric 
properties compared to previous tasks measuring SL 
and shows high internal reliability and consistency 
making it suitable for studying individual differences. 
The task involved two distinct phases. First, participants 
were familiarised with a continuous stream of 16 
complex shapes, which unbeknownst to them, consisted 
of 8 triplets (i.e. sequences of three shapes). Importantly, 
the triplets differed in that half of them were defined by 
high transitional probabilities (TPs = 1) within the shapes 
(triplets: 5-6-7, 8-9-10, 11-12-13 and 14-15-16) – meaning 
that, within the triplets, each shape always occurred 
after the same shape (e.g. 5-6, 6-7) – whereas the 
other half consisted of the same four shapes and had 
lower TPs (= .33; triplets: 1-2-3, 2-1-4, 3-4-2 and 4-3-1) – 
meaning that each shape could follow 3 possible 
shapes (e.g. shape 2 could occur after 1 in the triplet 
1-2-3, after 4 in the triplet 3-4-2 or after a shape from a 
different triplet in the triplet 2-1-4). The exposure 
phase consisted of 24 presentations of each of the 8 tri
plets. Each shape appeared on the screen for 1000 ms. 
To ensure that participants were actively engaged in 
the task, a small modification to the original task was 
made. The serial presentation of the continuous 
sequence of stimuli was split into 12 blocks, within 
which each triplet appeared twice in a pseudo-random 
order, with the constraint that the same triplet never 

Figure 1. Screenshots of trials from (A) the Lexical Training task (Left scene: the (green) prad is jumping over the (green) velg, Right 
scene: the (green) torg is chasing the (green) velg) and (B) the Grammatical Comprehension test (Left scene: the (green) ird is jumping 
over the (green) velg, Right scene: the (green) velg is chasing the (green) ird).
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appeared twice consecutively. At the end of each block, 
participants were presented with an attention check 
asking them to press the space bar as quickly as possible. 
The intention was to exclude participants who failed to 
respond within 10 s to two attention check items. 
However, all subjects responded within the time 
window and were thus included in the final analysis.

Prior to the experiment, participants were informed 
that they would be presented with some shapes that 
would appear in the centre of the screen, one after the 
other, and their task was simply to attend to these 
shapes, as they would later be asked some questions 
about them. No mention was made of the fact that the 
shapes would appear in any particular order.

Immediately after the end of the familiarisation 
phase, we tested whether participants have noticed 
any patterns in the order in which the shapes appeared 
by asking them to indicate if the continuous stream of 
items they saw consisted of no fixed sequences or of 
sequences of 2, 3, 4 or 6 shapes (5AFC). Following that, 
participants’ knowledge of the triplets was tested 
using forced-choice trials. There were 42 test items 
which were divided into 2 blocks. The first block con
sisted of 34 pattern recognition trials, including 22 
2AFC and 12 4AFC trials, in which participants had to dis
criminate between familiar and foil sequences of triplets 
(N = 24) and pairs of shapes within the triplets (N = 10). 
The second test block contained 8 pattern completion 
trials. Participants were presented with a target pair or 
triplet, but with one of the shapes replaced with a ques
tion mark and had to choose which shape best com
pleted the pattern from a possible selection of two or 
three. Four triplets and four pairs served as targets in 
this block.

Trials within each block were randomised. Following 
Siegelman et al. (2017), chance-level performance in 
this task was set at 39.7% accuracy (or 16.7/42) and indi
vidual chance level, above which participants showed 
learning, was defined as correct responses on 23 trials 
or more. One point was awarded for each correctly 
identified target, with a maximum of 42 points.

Sustained attention. Sustained attention was assessed 
using a modified version of the Continuous Performance 
Task-X (CPT-X) originally developed by Rosvold et al. 
(1956). In a target detection task, black-colored block 
letters were presented, one after the other, in the 
centre of the screen against a white background and 
participants were instructed to respond by pressing 
the space bar every time they saw the letter “X” (Go 
trials) and to withhold responses to non-target letters 
(No-Go trials). A low target frequency task (low Go, 
high No-Go) was used in this study since it is considered 
to be a more sensitive measure of sustained attention 

than tasks involving high frequency of Go stimuli or 
tasks that require transient attention (Ballard, 2001; 
Carter et al., 2013).

Visual stimuli consisted of six letters, the target letter 
“X” and the distractors “A”, “E”, “D”, “W”, “Y”. The non- 
target letters were subdivided into letters of low visual 
similarity to the target “X” (i.e. “A”, “E”, “D”) and 
letters that bear high-similarity to the target letter (i.e. 
“W”, “Y”). Each stimulus was presented for 250 ms, fol
lowed by an inter-stimulus interval (the time between 
the offset of a stimulus until the onset of the next one) 
of 900 ms, during which a fixation dot (.) appeared on 
the screen to reduce any afterimage effects (MacLean 
et al., 2009). Stimuli were arranged in blocks of 6, with 
each letter appearing once in each block in a pseudo- 
randomised order that varied from block to block. Each 
block, therefore, contained 1 target and 5 nontarget 
letters. Targets were presented with a probability of 
16.67%.

The task started with a short practice phase, consist
ing of 3 blocks with 3 target letters. Participants were 
instructed to pay equal attention to accuracy and 
speed of response. After completion of the practice 
phase, feedback about the number of correct identifi
cations of the target stimuli was given on the screen. 
The practice phase was followed by the test phase 
during which 360 letters were presented with the 
target “X” appearing 60 times. At the end of the task, 
participants once again received feedback about their 
performance. The test phase took approximately 7 min 
to complete. D-prime scores were calculated as an 
index of participants’ ability to detect and respond to 
the target stimuli (see Data analysis section).

Explicit learning. To measure EL, we developed a task 
which was very similar to the ISL task described before 
but was different in the instructions given to the partici
pants and the manner in which the shapes were pre
sented. In this task, participants were exposed to 24 
new complex shapes (created at mathigon.org/ 
tangram) that were organised into 8 triplets (Figure 2). 
In contrast to the original task, the end of each sequence 
of three shapes was marked by the presentation of a 
fixation cross, which appeared in the centre of the 
screen for 250 ms, and subjects were informed about 
the presence of sequences in the input and were expli
citly instructed to pay attention and memorise them, 
as a test will follow. Each triplet was presented 7 times, 
divided over 4 blocks; 3 blocks of 2 repetitions of each 
triplet and 1 block in which each triplet appeared 
once. The number of repetitions was chosen after pilot
ing the task with 6 repetitions of each triplet, which 
proved to be insufficient for significant learning to 
occur, and 8 repetitions, which led to ceiling effects. To 
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ensure participants remained attentive to the task, there 
was an attention check between blocks that was identi
cal to the one in the ISL task.

To familiarise participants with the idea of triplets, 
the task began with a practice trial in which partici
pants first saw three simple shapes (square, circle, 
and triangle) presented in a sequence, and were then 
presented with the three shapes displayed simul
taneously in the same linear order and a foil consisting 
of three other shapes and asked to select the sequence 
they were shown earlier. The practice trial was followed 
by the familiarisation phase. At the end of the familiar
isation phase, a forced choice task was used for asses
sing participants’ learning of triplets. The task had the 
same format as the VSL task described earlier. Specifi
cally, the test phase contained two parts. The pattern 
recognition part which was composed of 34 trials, 
during which participants were asked to choose 
which patterns of visual stimuli they were more familiar 
with, from either two (N = 22) or four (N = 12) alterna
tives. In the second part of the test phase, 8 pattern 
completion trials were presented, during which partici
pants were required to complete the missing shape in a 
pattern. The correct answer was either one out of two 
(2AFC) or one out of three (3AFC) shapes. Once again, 
knowledge of triplets as well as pairs within the triplets 
was tested. Within each test block, the test items were 
presented in a pseudo-randomised order with the 
restriction that no two consecutive trials tested the 
same triplet. Trials were administered in the same 
order for all participants. Participants were awarded 1 
point for every correct response; thus, possible scores 
ranged from 0 to 42.

The explicit learning task always followed the VSL 
task, as completing the explicit task first was likely to 
bias participants towards directing their attention to 
sequences of shapes within triplets and hence invalidate 
it as a measure of implicit learning.

Data analysis
Accuracy scores on the Lexical Training and the Gram
matical Comprehension trials were calculated as the 
number of correct responses per session. For the GJT 
task, following signal detection theory (Macmillan & 
Creelman, 2004), participants’ ability to discriminate 
between correct and incorrect sentences was measured 
using d-prime (d’). Specifically, four scores were 
obtained for each participant: hits (grammatical sen
tences judged as acceptable), misses (grammatical sen
tences judged as unacceptable), false alarms 
(ungrammatical sentences judged as acceptable) and 
correct rejections (ungrammatical sentences judged as 
unacceptable). From these scores, d’ scores were calcu
lated for each participant (Huang & Ferreira, 2020) using 
the “psycho” package (version 0.6.1; Makowski, 2018) in 
RStudio (version 4.3.1; R Core Team, 2022). Higher d’ 
scores indicate greater discrimination sensitivity. The 
same procedure was used for the responses obtained 
from the Sustained Attention task. Here, higher d- 
prime scores reflected better ability to maintain sensi
tivity to targets (Corkum et al., 1995). For the ISL and 
the Explicit Learning scores were calculated as the sum 
of correct responses.

Data from one participant in the EL were missing due 
to the participant not properly exiting the web page. 
Additionally, results for three participants in the Sus
tained Attention task were excluded; either because of 
task malfunction (N = 1) or because they failed to under
stand the task instructions, as evidenced by their per
formance throughout the task4 (N = 2). Missing data for 
these participants were imputed using a predictive 
mean matching method from the mice package 
(version 3.13.0; van Buuren & Groothuis-Oudshoorn, 
2011) in R.

Statistical analyses. In order to determine which indi
vidual-differences measures predicted accuracy in the 
Lexical Training trials, the Grammar Comprehension 

Figure 2. (A) The 24 shapes used in the explicit learning task. (B) Schematic representation of the Transitional Probability structure in 
the explicit learning task.
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Test trials and the GJT, mixed-effects models were 
employed. Data from each task were submitted to separ
ate generalised linear mixed-effects regression models 
with a logit linking function (Jaeger, 2008) with Accuracy 
coded as the binary outcome variable (correct = 1, incor
rect = 0). The models were implemented using the glmer 
function of the lme4 package (version 1.1.25; Bates et al., 
2015) in R. In the Lexical Training and Grammatical Com
prehension Test models, the main effects included the 
variables Session, which was centred on zero (Session 
1 = −1, Session 2 = −0.5, Session 3 = 0.5 and Session 4  
= 1) and treated as a continuous variable, and Word 
Order (treatment coded with SOV as baseline). The 
numerical independent variables that were added to 
the models as fixed effects were ISL (VSL), EL (Explicit 
Learning), and Sustained Attention, all of which were 
scaled and zero centred. Additionally, the two-way inter
actions of interest that were included in the models 
were: Session * ISL, Session * EL, Session * Word Order, 
ISL * Attention, EL * Attention, and ISL * EL.

In the mixed-effects model for the GJT, the fixed 
effects and interactions that were tested were the 
same as in the two previous models, with two excep
tions: (1) the Session variable and its interactions with 
other predictors were not included in the model, given 
that the GJT was administered only once during the 
study, and (2) the model included sentence Grammati
cality and Error Type as predictors, both of which were 
effect-coded such that grammatical sentences and 
word order violations corresponded to 0.5, while 
ungrammatical sentences and case marking violations 
were coded as −0.5.

In all models, a two-step backward elimination 
approach, similar to that outlined in Zuur et al. (2009), 
was employed (see also Gries, 2021). Models were 
initially fit with all main predictors and two-way inter
actions of interest. Following Barr et al. (2013), the 
random-effect structure included varying intercepts for 
participants and test items and slopes for all predictors 
of interest (albeit knowing that this is likely to lead to 
model convergence issues). The model for the Lexical 
Training trials had random intercepts for test items 
nested within distractor type (verb, noun, adjective). 
The first step involved determining the best random- 
effects structure. The structure was simplified by itera
tively removing the random slopes with the smallest 
SD until the model converged without singularity warn
ings. We then proceeded with finding the best fixed- 
effects structure. This was done by progressively drop
ping the interaction terms identified by drop1 as contri
buting less to the model fit. The drop1 function looks at 
all the predictors and determines which one is the most 
droppable by comparing the reduced models against 

the previous full model by means of a likelihood ratio 
test. The interactions were removed if this improved 
the fit of the model as indicated by the Akaike infor
mation criterion (AIC; Akaike, 1974) values. This pro
cedure was repeated iteratively until no further 
improvement in model fit was observed. All significant 
interactions observed were further unpacked via post- 
hoc analyses using the emmeans package (version 
1.8.1-1; Lenth, 2021). Finally, Spearman-Brown corrected 
reliability estimates for all artificial language (see Appen
dix C) and individual-differences measures were com
puted using the splithalf (version 0.8.2; Parsons, 2021) 
and splithalfr (for d’ scores) packages (version 2.2.0; 
Pronk, 2021) in R. Finally, R2 for all models were com
puted using the MuMiN package (version1.47.5; Bartoń, 
2022).

Data availability. This study was not preregistered. All 
the experimental stimuli and scripts that were created 
and used as part of this study are available on Gorilla 
Open Materials (https://app.gorilla.sc/openmaterials/ 
486012). The data sets and scripts required to reproduce 
the analyses reported in this paper are available on the 
Open Science Framework at: https://osf.io/dvw5s/? 
view_only=59bb6e899bd94dbc9daf401a508757f2.

Results

Participants’ performance on all individual-differences 
measures is summarised in Table 2. Correlation matrices 
showing the relationship between the artificial language 
learning and individual differences measures are pro
vided in Appendix D.

To get a first impression of how participants per
formed in the artificial language tasks, mean accuracy 
scores and mean reaction times on the Lexical Training 
and Grammatical Comprehension test were calculated 
for each session (Table 3). Given that both lexical and 
grammatical learning were measured by means of 
2AFC tasks, chance-level performance was 135 (out of 
270) correct responses in the Lexical Training task and 
45 (out of 90) correct responses in the Grammatical 
Comprehension test blocks.

In the Lexical Training trials, participants achieved 
high levels of accuracy from as early as Session 1 (M =  
186 correct trials). Even though performance in the 
Lexical Training task never reached ceiling levels, Table 
3 suggests that participants showed clear improvements 
from session to session. Regarding word order, partici
pants achieved similar accuracy for SOV (M = 79.2%, 
SD = 11.9%) and for OSV sentences (M = 77.9%, SD =  
12.4%). By contrast, although participants performed 
above chance on the grammar trials from Session 1 
onwards, they only seem to show a marginal 
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improvement throughout the remainder of the study. 
Furthermore, in the Grammatical Comprehension test, 
accuracies for SOV (M = 74.7%, SD = 19.9%) and OSV 
(M = 29.4%, SD = 21.6%) sentences diverge substantially. 
With regard to the GJT, rather unsurprisingly, perform
ance at the group level was better on grammatical sen
tences (M = 90.6%, SD = 12.5%) than on ungrammatical 
ones (M = 37.4%, SD = 14.4%).

We next turn to the main part of our analysis, where 
we outline the results of the generalised linear mixed- 
effects regression models for the Lexical Training, Gram
matical Comprehension Test and GJT. The coefficients 
and significance levels of all fixed effects in the best- 
fitting model for the Lexical Training trials are reported 
in Table 4. The model showed that performance on 
SOV sentences improved over time, with a significant 
main effect of Session. Furthermore, the lack of Word 
Order effect suggested that there were no differences 

in performance across the two types of sentences. 
Regarding the effects of cognitive abilities, while ISL 
did not emerge as a significant predictor, EL and Sus
tained Attention did. This indicates that accuracy on 
the Lexical Training trials was modulated by perform
ance on these measures, with higher scores in these 
tasks predicting higher accuracy on the Lexical Training 
trials. Additionally, the model revealed significant inter
actions between EL and Session and ISL and Session 
(see Appendix E for the full results). Interestingly, a con
trasting pattern was found. The interaction between EL 
and Session showed that the effect of the EL ability 
increased as a function of Session, reaching significance 
from session 2 onward and becoming progressively 
stronger, as shown by follow-up simple slope analyses, 
which allowed us to obtain separates slope for each 
session. In contrast, the interaction between ISL and 
Session indicated that the effect of ISL was most 

Table 2. Descriptive statistics for the individual-differences measures.
Individual differences measures M (SD) Median IQR SE Range Skew Kurtosis Reliability

Implicit Statistical Learninga 27.02 (7.06) 27.0 11 1.10 12–39 −0.17 −0.96 .83
Sustained Attention (d’)b 4.63 (0.38) 4.67 0.30 0.06 3.60–5.34 −0.34 0.46 .88
Explicit learningc 31.12 (7.81) 32.0 12 1.22 16–42 −0.27 −1.24 .90
aMean accuracy rea scores were calculated out of a maximum of 42. 
bD-prime scores (higher scores indicate higher sensitivity to targets). 
cMean accuracy rea scores were calculated out of a maximum of 42.

Table 3. Mean accuracy and reaction times across sessions in the Lexical Training and Grammatical Comprehension test blocks.
Lexical Training Grammatical Comprehension test

M%
Accuracy  

M (SD)
Reaction Time  

M (SD) M%
Accuracy  

M (SD)
Reaction Time  

M (SD)

Session 1 68.9 186.1 (32.7) 5217.0 (1782.2) 62.7 56.4 (11.1) 3686.0 (1428.6)
Session 2 79.4 214.3 (34.7) 4158.2 (1316.1) 64.4 58.0 (10.8) 2952.3 (854.4)
Session 3 82.4 222.6 (37.7) 3645.1 (1049.6) 64.4 58.0 (9.8) 2498.9 (794.0)
Session 4 84.9 229.1 (35.1) 3468.6 (1206.5) 67.0 60.3 (12.1) 2164.5 (800.2)
Overall 78.9 213.0 (38.5) 4122.2 (1516.1) 64.6 58.2 (11.0) 2825.4 (1148.4)

Table 4. Mixed-effects model fitted to the Lexical Training data.
Variable b̂ SE Z p OR (CI)

(Intercept) =  SOV 1.91 0.38 5.06 <.001 6.73 (3.21–14.08)
Session 0.78 0.14 5.76 <.001 2.18 (1.67–2.84)
Explicit Learning 0.50 0.16 3.02 .003 1.64 (1.19–2.27)
Implicit Statistical Learning 0.08 0.17 0.48 .629 1.08 (0.78–1.50)
Sustained Attention 0.29 0.09 3.33 <.001 1.33 (1.12–1.58)
Word Order = OSV −0.09 0.07 −1.32 .187 0.92 (0.81–1.04)
Session: Explicit Learning 0.33 0.12 2.82 .005 1.39 (1.11–1.74)
Session: Implicit Statistical Learning −0.26 0.12 −2.22 .027 0.77 (0.61–0.97)
Implicit Statistical Learning: Sustained Attention 0.31 0.10 3.06 .002 1.37 (1.12–1.67)

Random effects Variance SD
Participant 0.92 0.96
Item: Distractor Type 0.17 0.42
Distractor Type 0.36 0.60
Session | Participant 0.45 0.67
Session | Item: Distractor Type 0.02 0.13
Session | Distractor Type 0.02 0.14

Marginal R2 .14
Conditional R2 .44
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pronounced (and significant only) in the first session and 
became attenuated over time (Figure 3). Finally, there 
was a significant interaction between ISL and Sustained 
Attention, for which results from a follow-up simple 
slope analysis found that the effect of Sustained Atten
tion became stronger as participants’ scores in the ISL 
task increased but was nonsignificant for those who 
had low scores. The interaction between EL and Sus
tained Attention was not retained in the best-fitting 

model, in line with the model selection procedure 
described above.

Table 5 presents the results of the model for the 
Grammatical Comprehension test data. Overall, par
ticipants performed significantly above chance on 
SOV sentences, as indicated by the significant model 
intercept. Furthermore, the main effect of Session 
showed that their performance on this type of sen
tences improved significantly over time. On the other 

Figure 3. Predicted probabilities of an accurate response across sessions in the Lexical Training task, as a function of EL and ISL abil
ities. The plot was generated using the ggeffect function from the ggeffects package (Lüdecke, 2018) in R.

Table 5. Mixed-effects model fitted to the Grammatical Comprehension test data.
Variable b̂ SE z p OR (CI)

(Intercept) =  SOV 1.47 0.20 7.27 <.001 4.37 (2.94–6.50)
Session 0.21 0.08 2.61 .009 1.23 (1.05–1.44)
Explicit Learning 0.04 0.04 0.90 .369 1.04 (0.96–1.13)
Implicit Statistical Learning −0.04 0.04 −0.91 .361 0.96 (0.88–1.05)
Sustained Attention 0.04 0.04 0.98 .328 1.04 (0.96–1.12)
Word Order = OSV −2.68 0.40 −6.73 <.001 0.07 (0.03–0.15)
Session:Word Order −0.26 0.09 −3.02 .003 0.77 (0.65–0.91)
Session: Explicit Learning 0.24 0.08 3.06 .002 1.27 (1.09–1.48)
Session: Implicit Statistical Learning −0.10 0.08 −1.30 .193 0.90 (0.77–1.05)

Random effects Variance SD
Participant 1.35 1.16
Item 0.51 0.72
Word Order | Participant 4.99 2.23
Session | Participant 0.18 0.42
Session | Item 0.05 0.23

Marginal R2 .20
Conditional R2 .50
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hand, there was an effect of Word Order and an inter
action between Session and Word Order, suggesting 
that participants were significantly less accurate on 
OSV than on SOV sentences, and that the effect of 

Word Order was significant only for the latter type of 
sentences. Post-hoc analyses revealed that this differ
ence in accuracy remained significant throughout the 
study (Figure 4).

Figure 4. Performance on the two word orders across the four sessions in the Grammatical comprehension test. The red dashed line 
represents chance performance and error bars, calculated over by-subject means, represent standard errors of the mean.

Figure 5. Predicted probabilities of an accurate response across sessions in the Grammatical Comprehension test, as a function of EL 
and ISL abilities. The plot was generated using the ggeffect function from the ggeffects package (Lüdecke, 2018) in R.
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The model of Grammatical Comprehension test also 
revealed a significant positive interaction between EL 
and Session, similarly to the Lexical Training model. 
Follow-up simple slope analyses (see Appendix E) indi
cated that the effect of EL was negative in the first two 
sessions, but positive in the latter two; that is, partici
pants with higher scores in the EL task were more 
likely to show higher accuracy only as the study pro
gressed (Figure 5). In contrast to the previous model, 
the interaction between ISL and Session was not signifi
cant in this case (Figure 5). However, it is worth noting 
that the direction of the interaction was the same as 

for the Lexical Training model, pointing towards a ten
dency for the effect of implicit learning ability to 
decrease as a function of Session.

Finally, the results of the model of the GJT adminis
tered only in the final session (Table 6) revealed a signifi
cant positive intercept suggesting that participants 
performed significantly above chance in this task. The 
model returned significant main effects of Grammatical
ity and Error Type, with participants showing signifi
cantly higher accuracy on the grammatical than on the 
ungrammatical sentences, and on word order than on 
case marking violations. In addition, significant positive 

Table 6. Mixed-effects model fitted to the Grammaticality Judgment task data.
Variable b̂ SE Z p OR (CI)

(Intercept) 1.87 0.29 6.40 <.001 6.51 (3.67–11.55)
Grammaticality 4.66 0.71 6.55 <.001 105.90 (26.24–427.43)
Word Order 0.23 0.50 0.46 .647 1.26 (0.47–3.37)
Explicit Learning 0.31 0.13 2.44 .015 1.36 (1.06–1.73)
Implicit Statistical Learning −0.01 0.12 −0.01 .992 1.00 (0.79–1.26)
Sustained Attention 0.30 0.12 2.56 .010 1.35 (1.07–1.69)
Error 2.47 0.52 4.73 <.001 11.84 (4.25–33.00)
Explicit Learning: Sustained Attention 0.37 0.12 2.97 .003 1.45 (1.13–1.84)

Random effects Variance SD
Participant 0.30 0.55
Item 4.44 2.11
Grammaticality 8.69 2.95

Marginal R2 .41
Conditional R2 .81

Figure 6. Predicted probabilities of an accurate response across sessions in the Grammaticality Judgment task, as a function of Explicit 
Learning and Sustained Attention abilities. The plot was generated using the ggpredict function from the ggeffects package (Lüdecke, 
2018) in R.
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effects of EL and Sustained Attention were found, indi
cating that participants with higher scores in the EL 
task and in the Sustained Attention task performed 
better in the GJT. There was also a significant positive 
interaction between EL and Sustained Attention, for 
which follow-up simple slope analyses revealed that 
the effect of EL on GJT accuracy became stronger as 
Sustained Attention scores increased, but was not 
significant and even negative for participants with low 
scores in this task (Figure 6).

Given the low accuracy rates for ungrammatical sen
tences in the GJT, and following a suggestion from an 
anonymous reviewer, an additional linear regression 
model on d prime scores was conducted to test 
whether participants performed above chance in dis
tinguishing between grammatical and ungrammatical 
sentences. The results indicated that performance was 
significantly better than would be expected by chance 
(􏽢b = 1.24, t = 14.1, p < .001). The model also showed 
main effects of EL (􏽢b =  0.23, t = 2.19, p = .028) and sus
tained attention (􏽢b = 0.21, t = 2.13, p = .04), such that, 
once again, higher scores in these abilities were associ
ated with higher sensitivity scores.

Discussion

In the present study, we examined the contribution of 
individual differences in three cognitive abilities that 
have been linked to adult L2 acquisition, namely apti
tudes for ISL and EL, and sustained attention, to the 
initial stages of novel vocabulary and grammar learning, 
under intentional and incidental exposure conditions, 
respectively. By investigating how individual differences 
in ISL and EL aptitudes influence learning outcomes as a 
function of time, an additional aim of the study was to 
elucidate the time-course of actuation of these abilities 
in the earliest stages of the L2 learning process, 
thereby allowing us to test the earlier claim that they 
play distinct roles at different learning stages, with expli
cit aptitude being drawn upon more in initial learning 
and implicit aptitude more in advanced learning (e.g. 
Li & DeKeyser, 2021). To this end, using a micro-longi
tudinal design comprising five sessions within a span 
of 5–10 days, adult native speakers of English were 
exposed to Kepidalo, an artificial language which 
involved case marking and flexible word order, aspects 
of grammar that are not present in learners’ L1.

Overall, we found that, while participants quickly 
learned the novel word-referent mappings and their 
accuracy rates on the Lexical Training task increased sig
nificantly throughout the study, they had only partial 
success in discovering and learning the grammatical 
structure underlying the artificial language. These 

learning difficulties appeared to persist despite exten
sive exposure to input but did not apply to the same 
extent to all aspects of grammar. Specifically, by the 
end of the study, learners possessed substantial knowl
edge of the verb-final character of the artificial language, 
and a clear learning effect was also observed for the 
canonical SOV order. In contrast, performance on sen
tences with the non-canonical OSV order remained 
below chance throughout the study. This difficulty can 
be directly related to the limited success in learning 
case marking, as clearly highlighted by the results of 
the GJT, causing learners to apply the canonical SOV 
pattern. Nevertheless, despite the lack of significant 
learning gains on the noncanonical OSV order, the pres
ence of this structure in input is likely to have interfered 
with participants’ accuracy on the canonical order, pre
venting it from reaching ceiling (for a more detailed dis
cussion of this point, see Kenanidis et al., 2023). In sum, 
our findings add to the body of literature showing that 
learning case marking under incidental exposure con
ditions can be a challenging task for adult learners, par
ticularly for those whose L1 is morphologically poor 
(Grey et al., 2014; Kenanidis et al., 2023; Rogers et al., 
2016). With respect to the role of cognitive abilities 
examined here and their influence on the development 
of vocabulary and grammar learning, the results 
revealed several notable relationships, including signifi
cant interactions of EL and ISL aptitudes with Session. 
We elaborate on these findings below.

Cognitive predictors of individual differences in 
adult L2 learning

The first research question explored was which cognitive 
abilities support early L2 learning. With respect to voca
bulary learning, the results showed significant indepen
dent contributions of EL and sustained attention, with 
the former becoming progressively more pronounced 
with time. In addition, a time-varying effect of ISL was 
also found, with its impact being positive in the very 
initial stages of exposure, during sessions 1 and 2, but 
negative in the final two sessions (see Figure 3).

The association between EL aptitude and partici
pants’ performance on the Lexical Training task does 
not come as a surprise, given that vocabulary learning 
took place under more intentional exposure conditions, 
which are thought to encourage the involvement of con
scious learning strategies. This finding appears to be in 
line with theoretical accounts that posit a strong role 
for EL processes in vocabulary learning (Ellis, 2005; 
Ullman, 2016, 2020). ISL was also predictive of Lexical 
Training performance, but only in the earliest stages of 
exposure. This finding corroborates previous research 
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showing an association between ISL and L2 outcomes 
(Brooks & Kempe, 2013; Chen et al., 2022; McDonough 
& Trofimovich, 2016) and extends the evidence for the 
role of this ability in novel vocabulary learning (e.g. Spe
ciale et al., 2004).

Our results also revealed a positive link between 
vocabulary learning and sustained attention. This 
finding is consistent with previous research suggesting 
that the ability to maintain attention on the learning 
content for an extended period of time can lead to 
higher language learning gains (Godfroid et al., 2013; 
Indrarathne & Kormos, 2017). Failure to sustain attention 
to a task can be caused either by increased task com
plexity (Head & Helton, 2012) or monotony (Langner & 
Eickhoff, 2013). In the case of the Lexical Training task, 
both parameters might have contributed to the overall 
sustained attention effect, with the former being more 
important initially and the latter becoming stronger 
later on, as the task became more repetitive. However, 
task complexity appears to be the primary driver of 
the observed effect. Firstly, sustained attention corre
lated more strongly with vocabulary learning in earlier 
stages of training (r = .23 in Session 1, r = .14 in Session 
4; for detailed correlation matrices see Appendix D). Sec
ondly, its effects were modulated by ISL, such that they 
were stronger for learners who had higher scores in the 
test assessing ISL, which, as mentioned above, also 
played a stronger role during initial vocabulary learning. 
This pattern was further supported by adding the inter
action between sustained attention and session to the 
final model of the Lexical Training task, which showed 
that the effect of sustained attention was stronger in 
the first session and decreased over time. However, 
the inclusion of this interaction did not improve the 
model’s fit and was hence removed from the reported 
model (see OSF script for details).

In contrast to vocabulary, despite receiving extensive 
exposure to stimuli, participants’ performance in the 
Grammatical Comprehension test blocks showed only 
small improvement after the first session (Table 3). 
With respect to the contributions of cognitive abilities, 
EL emerged as a predictor of learning outcomes, but 
only when moderated by session. This suggests that, 
with time, learners who are better at explicitly forming 
and testing various hypotheses became more likely to 
identify the grammatical structure of the language, 
achieving better learning outcomes. Conversely, higher 
ISL scores were more likely to lead to higher accuracy 
rates at early stages of learning; however, in spite of a 
tendency in that direction, the interaction between ISL 
and session was not significant.

Finally, our results showed that EL ability also played 
an important role in GJT performance. This effect of EL 

was found to be more pronounced for learners with 
stronger sustained attention ability. Note that our GJT 
was untimed, i.e. participants could take as much time 
as they needed. Untimed GJTs are thought to prompt 
learners to turn their attention to the form of the 
target sentence leading them to notice the presence 
of potential errors and consciously access their (explicit) 
grammatical knowledge (R. Ellis, 2005; Godfroid et al., 
2015) to detect mismatches between their knowledge 
and the input (Ellis, 1994). Hence, learners with higher 
EL scores were better able to keep the input active 
while reflecting on their knowledge in order to decide 
whether the sentence was grammatical or not. This 
process, however, tended to be more effective for 
those participants who were most likely to stay motiv
ated and engaged with the task, as indicated by their 
ability to sustain attention over time.

Taken together, our results suggest that ISL and EL 
aptitudes contribute differently for vocabulary and 
grammar. This was found to be the case under 
different exposure conditions (intentional for vocabulary 
and incidental for grammar), which is consistent with the 
idea that both processes can be engaged irrespective of 
the learning context (DeKeyser, 2015; Ellis, 2005; Leung & 
Williams, 2014). Importantly, as already briefly discussed 
above, the relative influence of ISL and EL varied at 
different time points of learning but followed the same 
temporal pattern across linguistic domains, an issue 
we turn to in the next section.

Differential time-dependent effects of implicit 
statistical learning and explicit learning on adult 
L2 learning

Research questions 2 and 3 asked how aptitudes for ISL 
and EL affect (intentional) vocabulary and (incidental) 
grammar learning and how potential effects might 
change at different stages of the learning process. Our 
findings revealed a somewhat surprising pattern of 
interactions between session and ISL and EL abilities; 
the effect of ISL on lexical development was most pro
nounced early on, but eventually decreased and even 
became negative, whilst its effect on grammatical com
prehension, though never reaching significance, showed 
a similar trajectory. Meanwhile, the effect of EL on both 
vocabulary and grammar increased as learners received 
more exposure to the artificial language (see Figures 3
and 5).

These findings indicate that performance at the very 
earliest stages of exposure appears to have been 
guided primarily by ISL processes, with EL gradually 
taking over. This pattern aligns well with the more induc
tive nature of the ISL task in contrast to the more 
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conscious, strategic one of the EL task – which, however, 
also remains largely inductive, as it involves consciously 
learning sequences from the input without prior instruc
tion about the specific shape combinations. Specifically, 
the ISL task taps into participants’ ability to infer pat
terns from a dynamically presented complex set of 
stimuli. Such an ability is particularly relevant at the 
early stages of learning, when participants are exposed 
to novel linguistic input and are still engaged in extract
ing information about various aspects of the language. 
While learners may direct attention to certain features 
of the input, ISL primarily facilitates the initial (uncon
scious) processing of statistical regularities. By the later 
sessions, however, once participants have extracted 
the necessary linguistic structures from the input, the 
role of ISL diminishes, allowing EL to take over. This 
shift suggests that learners no longer benefit from 
further exploration of the input’s structure but instead 
engage in explicit hypothesis testing to refine their 
knowledge.

Drawing more direct associations between the 
observed ISL and EL effects and particular linguistic 
aspects, as mentioned in the introduction, the early 
effect of ISL on lexical learning may relate to its contri
bution in speech segmentation (Armstrong et al., 2017; 
Batterink & Paller, 2017), an aspect of language that is 
assumed to be learned entirely implicitly (Ullman, 
2016, 2020; Williams & Rebuschat, 2023). Better ISL 
ability may have enabled learners to quickly parse the 
artificial language speech stream by exploiting cues 
such as stress (note that all nonwords had a trochaic 
stress; e.g. ’al-gi, ’mu-lek) and distributional information 
more effectively, allowing them to quickly discover the 
novel lexical items. However, segmentation can be 
achieved at a remarkably fast pace (Cunillera et al., 
2009), thus, making it difficult to attribute the effect of 
ISL solely on speech segmentation and word extraction. 
In fact, ISL has also been assumed to support the storage 
(Batterink & Paller, 2017; Thiessen et al., 2013) and retrie
val/recognition of the extracted chunks (e.g. words) (Bat
terink & Paller, 2017; Karuza et al., 2014). Therefore, the 
early effect of ISL may also reflect interindividual differ
ences in the initial stages of word learning.

Indeed, word learning, at least for verbs and adjec
tives, could have been more implicit at the beginning 
of the study. In the Lexical Training task, learners were 
not given any instructions about what to focus on 
when listening to the sentences. Moreover, the task 
was rather complex in that participants had to learn mul
tiple word-referent mappings while listening to sen
tences. It is thus likely that, instead of proposing and 
testing explicit hypotheses about potential word-refer
ent mappings, learners gradually established such 

mappings by tracking co-occurrence statistics, as 
posited by associative models of cross-situational learn
ing (McMurray et al., 2012; Yu & Smith, 2012).

A similar tendency was also detected in the Gramma
tical Comprehension task, indicating that having greater 
ISL abilities may initially be advantageous for learning 
the grammatical regularities of the novel language 
(Figure 6). However, in this case, the interaction 
between ISL and session did not reach significance, 
possibly reflecting the limited learning observed across 
sessions. There is ample evidence suggesting that lear
ners are highly sensitive to distributional statistics in 
the linguistic input. Such information can be drawn 
upon to discern words that occur in similar distributional 
patterns, facilitating grammatical categorisation and 
thereby the learning of linguistic structure (Monaghan 
et al., 2005; Redington et al., 1998). In this case, nouns, 
which in the present study were pretrained, may 
operate as anchor points cueing grammatical categoris
ation. Over time, accurate recognition of the nouns can 
enable learners to infer that: (i) nouns reliably precede 
adjectives, (ii) the second noun reliably precedes verbs, 
which always occur in sentence final position, and con
sequently (iii) that the sentences have Noun (adjec
tive)-Noun (adjective)-Verb word order. However, while 
this information may allow for faster processing of the 
artificial language sentences, it does not necessarily 
lead to accurate performance in the Grammatical Com
prehension test blocks, as in order to respond correctly, 
learners had to attend to case marking. This would 
account for the reduced effect of ISL on grammar 
learning.

In contrast to ISL, we found a more robust relation
ship between grammatical comprehension and EL, but 
in interaction with session. As learners’ vocabulary 
knowledge improves and after identifying the regu
larities underlying the input, conscious and strategic 
processing becomes more effective. Learners can draw 
from their early acquired knowledge to guide their sub
sequent learning either by formulating and testing 
specific hypotheses or by paying focused attention to 
certain aspects of the grammar, which is particularly 
important for learning forms of low perceptual salience, 
such as case markers (Ellis, 2006, 2016). These processes 
are more efficient for those with higher EL ability, as they 
are better at storing and maintaining linguistic infor
mation in their memory and at engaging in attentional 
processing.

Comparison to previous results

Given the scarcity of studies exploring the simul
taneous effects of EL and ISL aptitude on language 
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outcomes in a longitudinal fashion, results from 
studies employing measures of declarative and pro
cedural memory emerge as an obvious candidate for 
comparison (Hamrick, 2015; Morgan-Short et al., 
2014; Pili-Moss et al., 2020; Walker et al., 2020). 
Although, as mentioned in the introduction, there is 
not a one-to-one mapping between these terms, 
their close relationship, along with the similarities in 
the design of these studies and the present one (i.e. 
use of artificial languages and multiple sessions) and, 
to a certain degree, in the tasks employed to assess 
individual differences in the target cognitive abilities 
(e.g. procedural memory tasks are often operationa
lised as measures of ISL aptitude; Granena, 2013; 
Suzuki et al., 2023), allows for a meaningful compari
son between them.

Notably, the gradual shift from initial reliance on ISL 
to EL aptitude observed here seemingly contradicts 
the documented tendency for individual differences in 
declarative memory to predict early learning outcomes 
and, in some cases, for variation in procedural memory 
to be associated with L2 learning at later stages 
(Hamrick, 2015; Morgan-Short et al., 2014; though see 
Pili-Moss et al., 2020; Pili-Moss, 2022, for evidence of 
an early effect of procedural memory on adult L2 pro
duction and L2 comprehension, respectively). These 
differences, however, could be ascribed to several 
factors. Firstly, participants in Morgan-Short et al. 
(2014) were exposed to the artificial language through 
different task-types than the ones used here. Specifically, 
in each of the four training sessions, participants com
pleted 129 training trials, during which they simply 
watched short videos showing a game token or a 
move on a computerised board game, while listening 
to the corresponding phrase or sentence, and 240 prac
tice trials where they were either listened to sentences 
and made the corresponding game moves or had to 
describe a move that was visually presented. This type 
of stimulus presentation might have simplified the learn
ing process by eliminating, at least in a subset of the 
trials, the ambiguity associated with identifying the 
referents to which each sentence may refer, which is 
not the case in the 2AFC tasks. Secondly, and possibly 
as a corollary to the previous point, results from 
Morgan-Short et al. (2014) found that participants 
achieved far better learning outcomes compared to lear
ners of Kepidalo, thus being in position to proceduralise 
their initial (explicit) grammatical knowledge, which 
accounts for the greater contribution of procedural 
memory to language at later stages of exposure. It 
may thus be because learners in the present study 
demonstrated only partial knowledge of the grammar 
that late ISL effects did not surface.

The different outcomes for the present and previous 
studies might also partly stem from the variation in the 
measures used to assess language learning outcomes 
and cognitive abilities. Regarding the former, in 
Morgan-Short et al. (2014) and in Hamrick (2015), the 
only two studies that reported a late effect of procedural 
memory, language learning was assessed through two 
GJTs, administered at two different time points. On the 
other hand, Pili-Moss et al. (2020), who reported 
further analyses of the Morgan-Short et al.’s (2014) 
data, focused on a more continuous learning measure 
by looking at participants’ performance in the language 
practice trials and, for L2 comprehension, failed to find 
the late procedural memory effects reported in the orig
inal study (note that, in the follow-up study, this effect 
emerged only when a different outcome measure was 
used, the coefficient of variation of reaction times). 
One explanation the authors proposed to account for 
these findings was that, in contrast to GJT, during the 
language practice trials, participants were required to 
process both visual and auditory information, leading 
to stronger engagement of declarative memory 
throughout the study. Such an explanation also fits 
well with the present results, since the processing 
demands of our tasks likely engaged declarative 
memory more strongly, yielding pronounced EL effects.

Similarly, the cognitive tests used to measure lear
ners’ ISL and EL abilities in the current study differ 
from those employed in previous research. Although 
this might not be of great concern for measures of expli
cit aptitude (including declarative memory), given that 
they typically show high reliability (Bokander & Bylund, 
2020) and positive intercorrelations (Buffington et al., 
2021; Granena, 2019), it can be problematic for ISL 
measures (including procedural memory), since corre
lations between them appear to be low or sometimes 
even negative (Buffington et al., 2021; Godfroid & Kim, 
2021). Therefore, caution should be exercised in the gen
eralizability of the reported patterns of results, as it could 
be the case that these findings may be contingent upon 
the different linguistic and ISL measures utilised. Further 
carefully designed longitudinal investigation is clearly 
required in order to determine the exact nature of the 
link between ISL and L2 learning process.

Implications and limitations

The present study examined the independent and joint 
effects of ISL and EL aptitudes on the earliest phases of 
adult L2 learning, which served to crucially reveal a 
complex pattern as to how these abilities intertwine 
during the first stages of L2 development. On the one 
hand, a main finding to emerge from the present 
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study is the strong influence of EL aptitude on novel 
language acquisition. This effect was observed consist
ently, regardless of learning conditions (incidental or 
intentional) and across different linguistic domains 
(grammar or vocabulary). The robust role of explicit apti
tude aligns with previous research emphasising its 
importance in adult L2 learning (Abrahamsson & Hylten
stam, 2009; Li, 2016; Skehan, 2002), reinforcing the idea 
that adult learners rely heavily on explicit cognitive 
resources to process and internalise novel linguistic 
information.

On the other hand, the statistical evidence for the ISL 
effect was comparatively weaker, particularly on gram
matical learning. Nevertheless, our argument regarding 
ISL’s time-varying role does not rest solely on findings 
from a single task in isolation, but is supported by con
verging evidence from both the Grammatical Compre
hension and Lexical Training tasks. Notably, the ISL 
effect followed a similar trajectory in both tasks, with 
its influence not only weaking but also changing direc
tion across sessions (from positive in the first two ses
sions to negative in the last two; see Figures 3 and 5).

At least two additional findings can serve to corrobo
rate this earlier emerging ISL effect. Kenanidis et al. 
(2023) found that among German native speakers learn
ing the same artificial language employed here (without, 
however, completing the individual differences 
measures), the effect of explicit knowledge, assessed 
via a post-test metalinguistic awareness questionnaire, 
emerged as significant only after the second session. 
Although this does not necessarily imply that early learn
ing was not guided by explicit processes, it indicates that 
such processes may gain prominence over time, allow
ing more implicit processes to operate in the initial 
stages, at least in settings similar to the present study. 
Further evidence comes from a cross-situational learning 
study by Walker et al. (2020), where learning of novel 
nouns and adjectives was predicted by a measure of 
implicit aptitude (procedural memory, SRT) during the 
first day of testing with explicit aptitude (declarative 
memory) becoming the key predictor on the second 
day. These findings collectively reinforce the notion 
that the ISL effect evolves dynamically over time.

Crucially, the absence of a significant ISL effect in 
grammatical comprehension does not contradict the 
broader observation that ISL did not facilitate learning 
at later sessions, despite theoretical claims suggesting 
that implicit aptitude should exert a stronger influence 
in more advanced rather than in initial stages of L2 
acquisition (e.g. Li & DeKeyser, 2021). Instead, our 
results suggest that the role of ISL may not follow a 
straightforward trajectory of increasing importance 
over time. These findings suggest that ISL and EL 

aptitudes influence L2 acquisition in more intricate and 
variable ways across different stages, rather than align
ing neatly with a simple early versus late-stage distinc
tion. Such an interpretation seems to be more 
consistent with the multicomponential nature of ISL 
aptitude, which encompasses a range of abilities 
whose relevance may vary across tasks and stages of 
learning (Godfroid & Kim, 2021; Granena, 2020).

At this stage, it is also worth noting that our study has 
some limitations. Firstly, it should be acknowledged that 
the task employed in the present study to measure indi
vidual differences in learners’ ISL ability, VSL (Siegelman 
et al., 2017), is not without its shortcomings. Specifically, 
earlier research has suggested that one potential issue 
with the use of judgement-based alternative-forced- 
choice measures may be that they jeopardise the impli
citness of the learning process as participants are asked 
to employ meta-cognitive strategies, by reflecting on the 
acquired statistical regularities in order to answer each 
trial (Isbilen et al., 2020). However, there is at least 
some offline evidence that learning during the VSL 
task was indeed implicit. First, as explained in the 
method section, we asked participants whether they 
noticed any recurring patterns and if so, what the pat
terns would be. Nine out of 41 participants responded 
that the stream consisted of reoccurring triplets, which 
is right at chance level (5AFC). Furthermore, only 5 of 
these 9 participants showed signs of learning, with the 
remaining 4 performing below chance, indicating that 
there was no correlation between accuracy and explicit 
knowledge of the statistical regularities. While the 
reliability of such a snapshot measure is not without 
flaws (Shanks & St. John, 1994), participants’ responses 
do provide some indication of the implicitness of the 
learning process. Finally, ISL was found to relate to per
formance in the artificial language task in a different way 
compared to EL, suggesting that the two tasks actually 
tapped into different abilities.

Another limitation lies in the fact that grammar learn
ing was limited to word order because of learners’ large 
difficulties in identifying and learning novel case 
marking. Although these learning outcomes are in 
accord with those observed in earlier studies, the 
overall small learning effect found here limits, to some 
extent, the scope of our analyses on the effects of ISL 
and EL on novel grammar learning (see script in the 
OSF for a series of post-hoc power analyses).

Future longitudinal studies will now be needed to 
corroborate and extend the findings reported here. 
These could be done by employing training regimes 
that involve even longer exposure phases or artificial 
languages with simpler grammatical structures (and/or 
smaller vocabulary) to allow participants more 
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opportunities for developing more automatised knowl
edge. Alternatively, research could also target learners 
with a morphologically rich L1 background or even mul
tilingual speakers (e.g. Grey et al., 2014; Kenanidis et al., 
2023). More systematic investigation is also needed to 
examine the extent to which the ISL and EL effects 
reported herein can be replicated using different tasks, 
in order to account for the multi-componential nature 
of the two learning processes. While tasks assessing EL 
aptitude typically correlate positively, the task employed 
here included a sequential component, which is not 
present in other EL measures. For example, tasks like 
LLAMA_B or LLAMA_F (Meara, 2005) are more associat
ive and inferencing measures, respectively, and hence 
are expected to show correlations of different strength 
with different aspects of language (LLAMA_B-vocabulary 
and LLAMA_F-grammar). With regards to assessing ISL, 
in addition to the VSL task employed here, studies in a 
controlled laboratory environment could also employ 
the widely used SRT or ASRT tasks, both of which 
include an added motor component, to assess whether 
and how their predictive value may vary across 
different stages of acquisition. Performance on these 
tasks has been found to positively predict grammar pro
cessing/accuracy, particularly in advanced learners, but 
not vocabulary learning (Granena, 2013; Suzuki & DeKey
ser, 2015; though see Walker et al., 2020 for a positive 
relationship between SRT scores and vocabulary learn
ing at early stages of exposure). Another possibility 
would be to employ more novel online ISL measures, 
such as the statistically-induced chunking recall task 
which has been shown to have high reliability (Isbilen 
et al., 2020) and to correlate positively with sensitivity 
to multiword chunks (Isbilen et al., 2022).

Finally, another potentially fruitful avenue for future 
research would be to couple the administration of the 
ISL and EL tasks with neuroimaging measures during the 
language learning tasks. Examining the effects of ISL and 
EL on different aspects of language learning while also 
tracking the dynamic development of neural represen
tations of L2 over time (brain activity patterns) would 
allow to further disentangle the relationship/overlap 
between ISL-EL and declarative-procedural memory.

Conclusion

Extending previous work on individual differences in L2 
learning, the present study explored the role of a 
number of cognitive abilities (aptitudes for ISL and EL, 
and sustained attention) in accounting for variation in 
adult learners’ ability to pick up novel word-referent 
mappings under intentional exposure conditions and 
to incidentally detect and process grammatical 

structures that are not present in their L1 by means of 
an artificial language learning paradigm. Moreover, by 
employing a micro-longitudinal design with five separ
ate sessions, the study sought to examine the dynamic 
nature of the relationships between ISL and EL abilities 
and the earliest stages of L2 acquisition. Our results 
showed that individual differences in ISL, EL and sus
tained attention predicted vocabulary learning, but 
only EL and, to a lesser extent, sustained attention 
were found to play a role in determining grammar learn
ing outcomes. Importantly, the study provided evidence 
that ISL and EL abilities can contribute differently to 
learning outcomes at different stages of exposure: ISL 
was found to be more engaged during the initial 
stages, whereas the involvement of EL ability became 
increasingly more evident as learning progressed.

Overall, the consistent effect of EL on the learning of 
different aspects of language seems to complement pre
vious theoretical and empirical work underscoring its 
facilitative role in the L2 learning process (e.g. Abra
hamsson & Hyltenstam, 2009; DeKeyser, 2015; Ellis, 
2005). In contrast, the observed time-course of the ISL 
and EL contributions appears to deviate from that 
reported in previous L2 studies in the declarative/pro
cedural-model framework (Hamrick, 2015; Morgan- 
Short et al., 2014). While these discrepancies may be par
tially explained by differences in the training regimes 
and the particular measures used in the study to 
assess both the target cognitive abilities and the 
language learning outcomes, they may also tap into 
crucial differences in the engagement of EL and ISL apti
tude as a function of the properties of the target 
language and the challenges it poses to learners. 
Despite the exploratory nature of the study, when con
sidered alongside previous research, our findings 
suggest that the relationship between aptitude for EL 
and ISL and language learning outcomes may be more 
nuanced than the traditional dichotomy that associates 
them with the early and later stages of L2 acquisition, 
respectively.

Notes

1. Drawing from the similarities between the approaches 
of implicit learning and statistical learning (in terms of 
research focus, experimental paradigms, and shared 
pattern of findings) Conway and Christiansen (2006) 
and Perruchet and Pacton (2006) have proposed the 
use of the term “implicit statistical learning”. Here, we 
use the terms implicit statistical learning (ISL) and explicit 
learning (EL) to refer to implicit statistical and explicit 
learning aptitude, respectively. Furthermore, the terms 
ISL and EL aptitude and ISL and EL ability are used 
interchangeably.
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2. Participants’ submissions were rejected if their mean 
reaction times in 2 of the 3 lexical training blocks of 
each session were shorter than the average length of 
the sentences (1967 ms).

3. The grammar of the artificial language used in this study, 
while not directly modelled after any specific natural 
language, exhibits similarities to the grammars of 
several natural languages, most notably Japanese, 
Korean, and Warlpiri.

4. In the sustained attention task, one participant 
responded with a button press to all, but one visual 
stimulus and the second participant had an excessively 
high rate of incorrect responses (0 hits in the practice 
trials and 25 misses, 84 false alarms during the test 
part). Notably, sensitivity analyses that were conducted 
by running models without the imputed data (Appendix 
F) for all language measures (i.e., Lexical Training, Gram
matical Comprehension, and GJT) confirmed that all 
main effects and interactions, including the results of 
the post-hoc analyses, remained unchanged, with no 
effects emerging or disappearing.
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