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Abstract
Age of first exposure (AoFE) is an important factor that influences the quality of L2
acquisition. This study aims to investigate the AoFE effect on the contextual learning of
L2 novel words at the neural level, as measured by the N400 component from event-related
potentials (ERPs). Eighty-eight participants were recruited for the experiment of L2 pseudo-
word learning, which includes a learning session and a testing session. The participants’ EEG
data were recorded from the testing session, and the N400 effect was derived from target
words that were either congruous or incongruous with the context. The linear mixed model
and multiple regression model revealed a positive AoFE effect on the N400 effect in
discourses that were designed for testing retrieval of episodic and semantic memory even
after accounting for the variance contributed by several confounding factors. In addition to
AoFE, the effects of total L2 exposure, L2 proficiency and personality on the L2 novel word
learning performance indicated by the N400 effect were also confirmed in the statistical
results.
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1. Introduction
1.1. AoFE effect in different linguistic domains

Under the trend of globalization, the importance of L2 acquisition has been recog-
nized in social and educational domains, which has led to increasing attention in
scientific research, especially in the psycho-linguistic area (Larsen-Freeman & Long,
2014). Driven by its importance, there is increasing interest in identifying the main
factors that contribute to the learning outcome of L2 acquisition (Butler & Hakuta,
2006; Hurtado & Estrada, 2010). For each individual, the outcome of L2 acquisition
must be determined by many factors – two primary factors are the amount of total
exposure (AoTE) to L2 and the age of first exposure (AoFE) to L2 (Saville-Troike &
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Barto, 2017). AoTE simply refers to the total amount of time a learner is exposed to or
engaged in L2 learning, which should certainly be correlated with the learners’
learning outcome. AoFE in L2 learning, also termed age of acquisition in some
studies (e.g., Ojima et al., 2011), refers to the age at which L2 begins to be learned in a
systematic, sustained and usually intensive way, such as in school teaching
(Kovelman et al., 2008). The AoFE effect thus refers to how AoFE influences L2
learners’ learning performance in a way that is not accounted for by total L2 exposure
(i.e., AoTE). This issue is more commonly discussed with a linkage to the concept of
the critical period effect in L2 acquisition, which states that there exists a critical
period in the course of life development after which newL2 learners would not be able
to catch up with early learners (Hartshorne et al., 2018). Until now, the critical period
effect in L2 acquisition is still a controversial but attention-grabbing topic (Lucio,
2020). One of the major complications in the critical period effect is that the effects
are likely to differ across different linguistic domains, such as phonology/phonetics,
syntax and semantics (Singleton & Ryan, 2004). Some previous behavioral and
neurophysiological research works have provided evidence for the existence of
critical periods of acquiring phonetics and grammar or syntax patterns of L2
(Dollmann et al., 2020; Hartshorne et al., 2018; Kotz, 2009; Marinova-Todd et al.,
2003), whereas there is also counter-evidence against the critical period hypothesis
(CPH). For example, Flege (2019) raised an alternative explanation of the critical
period effect as the differential quality and quantity of L2 input to learners at different
ages. Compared to other aspects of linguistic domains, there is little research on the
effect of AoFE on L2 semantics. Slabakova (2006) reviewed and discussed the
previous findings on L2 semantic processing assessed with neuroimaging and
electrophysiology methods and concluded that the AoFE effect on semantics is
mainly manifested in the syntax and phrasal semantics. Liu et al. (2017) found that
within the semantic modules, compared with late bilingual learners, early bilingual
learners are endowed with advantages that are manifested in significantly more
robust functional connectivity in the neural system.

1.2. AoFE effect in lexical semantic network

Lexical semantics, one of the most essential parts of semantics, mainly concerns the
meaning of words. Kasparian and Steinhauer (2016) stated that AoFE may not be a
crucial factor affecting the acquisition of lexical semantics based on the neural
evidence that L2 learners’ ERP responses to semantically incorrect stimuli were
not modulated by AoFE but by language proficiency. However, Kotz and Elston-
Güttler (2007) reviewed a series of relevant studies and claimed that the significant
neurocognitive differences in bilingual’s lexical-semantic processing are modulated
by AoFE, which supports the existence of the AoFE effect in the domain of lexical
semantics. Newman et al. (2012) also found that, compared to native speakers, late L2
learners showed weakened and deferred neurocognitive responses to lexical-
semantic violations in reading. In sum, the research findings on the effect of AoFE
on L2 lexical semantics are still mixed, which is still inadequate for making solid
conclusions.

The semantics behind lexicons are ‘concepts of words’, and words are concep-
tually connected. As such, the essential process underlying the acquisition of novel
concepts is to integrate the novel concepts into the existing semantic network. As
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Steyvers and Tenenbaum (2005) proposed, based on the expanding process of
semantic network development, the earlier the semantic nodes are integrated into
the semantic network, the richer connections these semantic nodes can form in the
semantic network and the more robust and abundant the semantic network would
be in adulthood. If the semantic network is better formed and connected. It would
be easier for a new and unfamiliar semantic node to connect with the existing
semantic nodes in the established semantic network. Thus, an early formed
semantic network would be more efficient in hosting of the process of semantic
acquisition than a late-formed one.

In terms of connection formation, the relational associations can be either theme-
based relations or category-based relations. Thematic relation refers to the linkage
between concepts that co-occur in the same situations (Lin & Murphy, 2001), or
concepts that are clearly attached to certain roles, events or situations (e.g., Goldwater
et al., 2011; Jones & Love, 2007; Markman & Stilwell, 2001). Moreover, in thematic
relations, there usually exist certain semantic associations among concepts beyond
the mere co-occurrence of the words (Yee et al., 2009). For example, ‘cheese’ and
‘bird’ are usually not in a thematic relation, whereas ‘spider’ and ‘web’ are in a
thematic relation. Another relation in the semantic network is the taxonomic
relation, which is based on the classification of concepts into categories with similar
semantic features (Rogers et al., 2004). For example, ‘sparrow’ is a subcategory of
‘bird’ since sparrow and bird share similar features, so they form a taxonomic
relation. Taxonomic relations are multilevel, and they form a huge hierarchical
structure in the semantic network (Nelson, 1988). Taken together, the acquisition
of L2 words can be seen as the process of building up thematic and taxonomic
relations, which should be largely determined by the ability (particularly neural
plasticity) of the neural network system to form associated neural substrates. Based
on the assumption that neural plasticity is a function of age (Arcos-Burgos et al.,
2019; Burke & Barnes, 2006), we expect that AoFE would have a significant effect on
the L2 learning outcome that is not accounted for by AoTE.

1.3. AoFE effect in different memory systems

From the perspective of the memory system, the establishment of taxonomic and
thematic relations in the semantic network reflects the process of novel concepts
entering the semantic memory (Mirman et al., 2017). Semantic memory refers to the
memory of established facts and general knowledge about the world (Kumar, 2021;
Yee et al., 2014), as well as the newly established representations (thematic or
taxonomic) that can be detached from the original contexts and generalized to
new ones (Baddeley et al., 2009). In contrast to semantic memory, episodic memory
is another category of long-termmemory (Tulving, 1972), which mainly involves the
recurrence of original contexts (Squire &Zola, 1998). Although a newword is defined
as a new piece of information in the semantic system, the specific episodicmemory in
which the new word was learnt may also contribute to (or facilitate) the absorption of
the new word into the semantic system. For example, when an individual recalls a
specific episodic memory that contains learning a new word, the new word is
rehearsed. Therefore, language learning implicates both encoding and retrieval of
episodic memory. It was found that early bilingual experiences may shape bilingual
episodic memory (Schroeder &Marian, 2014). Previous research on bilingualism has
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shown that bilinguals who learned L2 at a very early age did perform better on
memory tasks probing not only semantic memory but also episodic memory as
compared to monolinguals (Kormi-Nouri et al., 2003, 2008; Schroeder & Marian,
2012). Based on these rationales, both the processes of episodic and semanticmemory
formation should be examined when studying the association between L2 learning
and AoFE.

1.4. Other confounding factors of the AoFE effect

For the purpose of examining how lexical-semantic learning may be influenced by
AoFE, other confounding factors, such as the AoTE, language proficiency, working
memory capacity, personality, socioeconomic status (SES) and gender, should be
considered. First, the AoTE is a straightforward factor that will undoubtedly con-
found the effect of AoFE (Ojima et al., 2011). Second, language proficiency is one of
the key indicators of the strength of links among different semantic codes in the
semantic network (Kotz & Elston-Güttler, 2004) and should be a predictor of the
performance of new word learning under contextual learning. It is thus necessary to
include it as an independent variable in the present study. Third, working memory
capacity refers to the ability to process and store information for instantaneous use,
emphasizing the capacity of both short-term memory storage and processing
(Cowan, 2012). Working memory capacity has been proven to be associated with
many cognitive abilities in L2 learning domains (Juffs &Harrington, 2011;Wen et al.,
2019). Compared with L1, the working memory capacity measured in L2 is more
closely related to L2 learning and reading-related performance (Alptekin & Erçetin,
2010; Harrington & Sawyer, 1992). Fourth, personality (e.g., introversion or extro-
version) is another important factor that may influence L2 learning in addition to
other factors (Kezwer, 1987), and extroverted character facilitates language education
compared with introverted character. Fifth, SES is also one of the important envir-
onmental factors influencing our brain development and language acquisition (Brito
&Noble, 2014; Raizada & Kishiyama, 2010; Thomas et al., 2013), and it is a construct
of multiple dimensions that include not only measures of social attributes such as
hierarchies, reputation and power but also economic conditions (Bateman, 2014;
Hackman & Farah, 2009). Therefore, the assessment of participants’ SES needs
multiple indicators, including income, education and occupation (Oakes &Andrade,
2017). Finally, in the language learning domain, the influence of gender on language
acquisition has always been one of the major interests of neurolinguists (Zoghi et al.,
2013). It has been found that compared with males, females performed better in
episodic memory in language tasks (Kormi-Nouri et al., 2003).

1.5. Contextual learning paradigm

In order to examine the process of new word learning through building up different
relations with the existing semantic network, it is necessary to design a learning
paradigm that is based on multi-contextual learning. The contextual paradigm is
previously commonly used in the research on L2 acquisition, especially in L2 word
learning (Elgort et al., 2015; Elgort & Warren, 2014; Ferreira & Ellis, 2016; Nassaji,
2003). The formation and strengthening of newword-relatedmemory greatly benefit
from various episodic memories from diverse contexts. It has been established that
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context diversity enhances both the encoding and retrieval of newly acquired
concepts (Frances et al., 2020; Johns et al., 2016; Pagán & Nation, 2019). A multi-
contextual learning paradigm would also benefit the participants in inferring the
meaning of novel words (Bolger et al., 2008).

1.6. The present study

Based on the rationales above, we hypothesized that AoFE could influence the
acquisition of lexical semantics (L2 word learning) in a way that is not accounted
for by AoTE and other confounding factors, which would be manifested as better
retrieval of episodic memory and more efficient establishment of new semantic
representation in the semantic memory (especially the establishment of thematic
relations). AoTE is a very straightforward factor that will influence the outcomes of
L2 acquisition because the longer the learners are exposed to English, the better their
English learning outcome will be. Participants can have the same AoTE but different
AoFEs. There are some previous studies that aimed to study similar questions, but
limitations remain. For instance, in some studies, the experimental materials adopted
were based on the participants’ native language, which is not suitable for examining
genuine learning effects for L2 (Jalali-Moghadam & Kormi-Nouri, 2017; Kormi-
Nouri et al., 2003). In the present study, all of the experimental materials are written
in English (participants’ L2).Many previous studies compared two populations at the
extreme spectrum, that is, bilinguals with both languages at the native level and
monolinguals who never use L2 (Kaushanskaya &Marian, 2009; Kormi-Nouri et al.,
2003). In contrast, the population of bilinguals whose AoFE to L2 varies to different
degrees was rarely explored. To address this limitation, the present study recruited
participants with a relatively large range of AoFE.

In addition to addressing the limitations of the previous study as raised above, the
major aim of this research is to examine the influence of AoFE on L2 new word
learning, particularly on the process of L2 novel concepts being integrated into the
conceptual semantic network in the semantic memory through taxonomic and
thematic relations. In designing our study, three novel elements were involved.
The first one is, as mentioned, that we recruited participants with a relatively broad
range of AoFE, which would allow a reliable statistical estimation of the AoFE effect
on learning outcomes. Second, by employing a multi-contextual learning paradigm
combinedwith new-theme testingmaterials, we aim to differentiate the effects of new
word learning in terms of whether it is from episodic memory or semantic memory.
Third, we will directly measure the neural indicator of the learning outcome to serve
as evidence of the learning effect directly from the neural level. In measuring
performance related to learning L2 novel concepts, previous research has been
primarily based on behavioral data such as accuracies and reaction times (RTs)
(Tamminen & Gaskell, 2013), which cannot reveal the underlying subtle neural
effects of learning. Therefore, we will apply ERP (event-related potentials) technol-
ogy, particularly the extraction of the N400 effect that has been discovered by Kutas
and Hillyard (1980) under the ‘semantic violation’ paradigm and has been widely
used to indicate neural activity of semantic processing to examine the learning
performance in the present study (Benau et al., 2011; Lau et al., 2008; Mathalon
et al., 2002). Themagnitude of the N400 effect is usually calculated by subtracting the
ERP elicited by the keyword in a congruous condition from the ERP elicited by the
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keyword in an incongruous condition. A larger N400 effect suggests that participants’
brain respond more strongly to the incongruency, which is only possible when the
word is better learned. In the current research, it is hypothesized that in the testing
session, learners with earlier AoFE to L2 would exhibit larger N400 amplitudes in all
three types of discourses and sentences than late learners, which means that earlier
AoFE can have advantages in acquiring L2 unknown concepts both in episodic and
semantic memory. In addition to the AoFE effect, we also hypothesized that the
results could show positive effects evoked by other confounding factors, such as
AoTE to L2 and L2 proficiency.

2. Materials and methods
2.1. Participants

Eighty-eight adults (18–25 years old, mean = 20.7, SD = 1.8, 46 females) participated
in this research. Eighty-seven valid data were retained after removing the data of one
participant because of excessively low accuracy (did not reach the chance level
accuracy of the task: 50%). All of the participants were right-handed, and their vision
and hearing were normal or corrected-to-normal. They were all native Chinese
speakers and had English as their L2. They had no psychological or physical
disorders. They were all undergraduate or postgraduate students at Shandong
Normal University, and they were not majoring in language or psychology. This
research has received Ethical approval from the Human Research Ethics Committee
at the University of Hong Kong.

2.2. Collection of demographic and background information related to L2 learning

2.2.1. Assessment of AoFE to English and AoTE to English
Since the highlight of this study is to examine the AoFE effect on the acquisition of L2
novel concepts, measuring the participants’AoFE is one of the key parts of this study.
In the present study, it is important to note that we aim to collect information about
the time from which the L2 learners began receiving systematic, intensive and
continuous exposure to the new language rather than shallow and occasional
smattering (Kovelman et al., 2008). To determine participants’ AoFE to L2, some
previous studies recruited participants from bilingual schools, and the AoFE can be
easily defined as the time of entering the bilingual school. Bilingual schools refer to
the schools in which 50% of teaching activities are conducted in L1 and 50% in L2
(Kovelman et al., 2008). In the present study, the participants did not attend a
bilingual school as defined above but rather learned English in a predominantly
monolingual setting with the major aim of learning English oriented to preparation
for the entrance examination but not for daily use purposes. This is a typical formal
education setting in China at the time when the current group of participants grew up
(but it is much different now). Therefore, the AoFEs of the participants in the present
study were difficult to evaluate precisely, but the advantage here is that they formed a
relatively wide range primarily due to different situations in different regions in
China. In this case, the questionnaire in this study was deliberately designed by the
authors to evaluate their AoFE. Systematic exposure to English mainly refers to the
English education received in school teaching and training in qualified training
centers. However, in our participants, there were many complicated factors in their
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experience of systematic exposure to English. The complications were rooted in the
quality of their English education, the continuity of the exposure and the degree of
their engagement. Considering all the complication issues in assessing AoFE, we
attempted to improve the genuineness of AoFE by fully explaining the meaning of
AoFE to our participants before asking them to report their AoFE. In our explanation,
we have given some exemplary cases that may be mistaken as AoFE. For example, if
someone started to learn English at a very early age but only in a very informal or
superficial way or was interrupted for some years before they formally picked up the
learning again, they would identify their AoFE as the later time point of formal
learning but not the first point of informal and superficial exposure. After obtaining
the participants’ report of their AoFE to L2, we verified their answers by asking them
what English program they participated in, what textbook they used, how many
hours they learned English each week, and how the teachers’ quality and their
learning quality (achieved grades) were during the time when they first learned
English. Moreover, since the measurement of AoTE is based on the calculation of
time that participants spend in their English-related activities, in their recalling
process, they were required to recall the English activities that they participated in
at a certain stage of learning, which inevitably involved the starting age of English
learning. As such, AoFE and AoTE that participants reported mutually verified each
other. Although there may still exist some ambiguity, we think this detailed explan-
ation would result in a more precise assessment of the time of first exposure to
English.

In the present study, AoTE was assessed in a very detailed way based on a
deliberately designed English exposure questionnaire according to the English teach-
ing situation in mainland China around 20 years ago (participants in this study grew
up at that time). The purpose of this questionnaire is to more precisely calculate
participants’ total English learning time from childhood to adulthood. In this
questionnaire, the participant was required to evaluate the amount of time devoted
to English learning-related activities in different phases of their formal education.
The six phases are the pre-school (e.g., kindergarten) period, primary school period,
junior high school period, senior high school period, undergraduate period and
master period. Each learning phase is separated into several grades (years) (first
grade, second grade, … etc.), and participants reported their English learning time
related to certain English activities within a certain grade. Within each grade (year),
participants’ English learning time can be recalled separately on the basis of the
school day (from Monday to Friday), weekend (Saturday and Sunday) and vacation
days. The participants filled in the information based on their memory recollection
and the filled information was further checked and verified by the experimenter to
avoid vague description and obvious mistakes. AoTE was then calculated as the sum
over all phases for each participant.

2.2.2. Assessment of participants’ English proficiency
Themeasurement of participants’ English proficiency can be subjective and objective
(Hulstijn, 2012), both of which were used in the current study. The subjective
measurement is based on participants’ self-assessment of their English proficiency
in listening, speaking, reading and speaking (Gullifer et al., 2021). The objective
measurement is normally based on tests or test-style questionnaires, for example, a
pragmatic and grammatical questionnaire or a vocabulary size test. The Vocabulary
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Size Test by Nation and Beglar (2007) was used in this study to assess English lexical
proficiency and lexicon knowledge of the participants. The pragmatic and grammat-
ical questionnaire was used in the current study to examine the participants’ English
pragmatic and grammatical abilities and awareness. This questionnaire is adapted
from the test designed by Bardovi-Harlig & Dörnyei (1998). All separate scores were
converted to a percentage value. Considering that L2 proficiencymeasurement based
on objective performance provides more useful information than subjective ratings
(Brysbaert, 2013), the proficiency score was calculated as 0.1 × subjective assessment
score + 0.9 × objective assessment score. The 90% portion of the objective assessment
score was composed of 30% for the assessment of vocabulary knowledge and 60% for
the assessment of pragmatic and grammatical knowledge.

2.2.3. Testing of participants’ English working memory capacity
In this study, a standard and commonly used reading operation task was used to
examine the participants’ working memory capacity in L2. It is commonly used to
specifically measure learners’ ability to memorize and retain L2 information during
the flow of processing L2 information in the field of language processing research
(Daneman & Carpenter, 1980; Daneman &Merikle, 1996). Specifically, participants
are required to read several groups of English sentences that do not contain any
difficult English words. Each group includes a fixed number of sentences, gradually
increasing from 2 to 6. For each sentence, they have to judge the semantic correctness
and remember the last word on the basis of fully understanding the sentence. After
the presentation of each group of sentences, participants are required to recall and
write down the last word of each sentence asmany as they can. This reading span task
can also be administered to require participants to orally report the words in the final
position of sentences. Here in our study, in order to have a better documentation
process and quantitative analysis, we chose to require participants to write down the
final words of sentences. In this working memory capacity test, participants are
simultaneously assigned two cognitive tasks: processing the sentences’meaning and
memorizing the last words of each sentence. The number of words that have been
correctly recalled and written down by the participants is used to represent their
performance, and the correctness of their judgment on this task is used to show the
validity of their performance. The English materials used in the reading operation
task were compiled by the authors, and 94% of the participants in this study reported
that they could understand themeaning of all the sentences. The average accuracy for
all participants in the semantic correctness judgment task reached 89%, which also
showed that the difficulty of English sentences is low, and the semantic judgment of
these sentences is easy.

2.2.4. Testing of participants’ personality related to English learning
In this research, we adopted the personality type test that was designed by Qiufang
(2003) to study the effect of personality on the learning lexical semantics of unknown
L2 concepts. The test includes 15 questions that examine the personality type of
English learners in terms of the degree of extroversion in the context of L2 learning.
The participants’ scores measured from this test were recorded. Higher value means
more extroverted.
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2.2.5. Assessment of participants’ SES information
In this study, the participants’ SES was measured from the following three aspects:
educational attainment, place of birth and living and household income (Braveman
et al., 2005; Krieger et al., 1997; Oakes &Andrade, 2017). For educational attainment,
the participants’ own educational levels and their parents’ and relatives’ education
level were all considered. Their own and their parents’ education level were evaluated
on a scale ranging from 0 to 5 (0 represents elementary school while 5 represents
graduate school [doctor]). The education level of their relatives was evaluated by the
proportion of relatives who obtained at least a bachelor’s degree, which was evaluated
on a scale ranging from 0 to 4. Since these participants were all students at Shandong
Normal University, they shared the same current residence (Jinan, Shandong, China)
but differed in their growth environment; thus, the places where they were born and
raised were recorded. The places of birth were divided into the urban, county, town
and rural areas according to the regional development and were scored as integers
from 0 to 3, respectively. In addition, the cities in which they were born and raised
were also ranked from first-tier cities, new first-tier cities, to fifth-tier cities according
to the ‘Ranking of Cities’ Business Attractiveness in China 202100’ issued by the
YiMagazine in theNew First-tier Cities Summit andwere evaluated on a scale ranging
from0 to 5. Finally, the household income of the participants was classified into seven
levels. In the calculation of participants’ SES scores, education, place of birth and
living and household income are equally weighted. Before summing up the final SES
score, all separate scores were converted to a percentage value. The final SES score
was finally calculated as ((participant’s education level + parent’s education
level + relative’s education level)/3 + (region score + city score)/2 + household
income)/3.

2.3. Behavioral and EEG experiment

A concise description of the experiment with sufficient information for the current
study is provided in the following. The experiment is divided into a learning session
and a testing session. Both tasks in the two sessions were prepared and implemented
by Psychtoolbox-3 in MATLAB. Before the formal part of the learning and testing
sessions began, there were practice sessions separately for the learning session and
testing session. The practice session contained six learning discourses and questions,
which were embedded with two novel words, as well as ten testing discourses for the
two novel words. Before the beginning of the learning and testing sessions, partici-
pants were carefully instructed and ensured that they understood the
experimental flow.

2.3.1. Learning session
Learning materials. In the learning session, 60 contextual English discourses were
presented, with every three discourses forming a set (thus 20 sets in total). Within a
set, three discourses describe three different themes in which a novel word may
appear. In this way, 20 novel words were learned from the 60 contextual English
discourses. Each novel word was placed in the final position of the three discourses
(see reasons below). All of these novel words were selected from the experimental
materials used in the work of Deacon et al. (2004). The novel words are nonderiva-
tional pseudowords and conform to the English orthographic and pronunciation
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rules but cannot be derived from any existing words. The definitions of these novel
words are created according to people’s existing world knowledge, but with a slight
distortion. They are not peculiar concepts and can be understood by participants. The
definitions contain information about the categories to which the novel concepts
belong and one to two extra features or functions that seem atypical to the categories,
for example, ‘the chopsticks that can heat themselves’. The length of these novel
words ranges from four to six letters, and they were presented in bold in the learning
discourses. All of these pseudowords are nouns, and they play a concrete role in the
discourses.

In the learning session, participants are not told the definitions directly. Instead,
the learning discourses provided restrictive information for participants to infer the
meaning of the novel words. In order to ensure that the discourses are highly
restrictive for participants to infer the definition of the novel words, there were
15 participants who did not participate in the main study completing the inference
task. The major features or categories of novel words are marked by several bullet
points in the definition of each novel word. Participants were required to write down
themeaning of novel words or the bullet points for the definition of the novel word as
much as possible in light of their comprehension of the novel word. The responses
that they wrote down were examined by the authors, and then we calculated the
number of bullet points contained in their responses. Ten pilot participants correctly
inferred more than 80% of the bullet points describing the meanings of the novel
words. The five pilot participants who left produced the following scores: 78.87%,
77.46%, 76.06%, 76.06% and 42.25%. Although the results showed that one-third of
the participants achieved less than 80% accuracy, the majority of them had satisfac-
tory performance, indicating that the materials prepared were not too difficult yet
were sufficient to differentiate participants. In addition to the contextual constraints,
to verify the contextual variety of learning discourses, there were 10 additional
participants judging whether the three discourses for the same novel word describe
diverse contexts or not. Seven participants marked all learning discourses for the
same novel word as describing multiple contexts. The length of the discourses is
balanced.

An example of a novel word and its discourses is provided here:

The novel word: speth.

Learning discourses:

John is a construction worker, and he has to eat outdoors in winter. To keep his
fingers warm, he turns on the heating button on the speth.
John’s child is five years old, and he no longer needs to use the spoon when eating.
As a Chinese, his child has learned to pick up food using the speth.
John is making the dessert. According to the recipe, firstly, he should add the flour
to the eggs and mix them well using the speth.

Designed meaning of ‘speth’: chopsticks that can heat themselves.

All learning discourses are divided into four blocks and are presented one by one,
with each block including 15 discourses for five novel words. The presentation and
learning of each block were followed by 15 two-choice questions for consolidating the
participants’ learning outcomes. The options for the two-choice question are com-
posed of two phrases. Only one of them is thematically related to the novel words. The
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other option is completely unrelated. The purpose of these choice questions is to
ensure that the participants have actually learned the discourses in the learning
session. The correct options basically reflect the key contexts or themes in the
learning discourses and inevitably involve some keywords from the learning dis-
courses. There are three choice questions corresponding to the same novel word;
therefore, for each block of 15 learning discourses, there are 15 choice questions. To
evaluate the thematic relatedness between the learning discourses and the correct
option (thematically related phrase) used in the choice question, another 20 partici-
pants were asked to fill out the 7-point Likert scale. An example of a choice question is
shown below:

Which one of the following two options, A and B, is thematically related to the
novel word speth you just learned?
A: speth – Chinese way of picking up food.
B: speth – open the curtain after getting up.

Correct answer: A.

Learning procedure. The flow of the learning session is depicted in Figure 1. Parti-
cipants completed the self-paced reading task in a computer lab. The viewing distance
between the screen and the participants is approximately 60 cm. The texts are
displayed in white color on a black screen on a 27-inch (diagonal) Dell monitor
(resolution: 1024 × 768 pixels; refresh rate: 100 Hz). All learning materials are in
Times New Roman font, with a size of 42. The height of each letter of the words is
about 0.55 cm–0.65 cm on the screen, and the width of each letter of the words is
about 0.3 cm–0.4 cm on the screen. Before the start of the experimental program,
participants were asked whether they could clearly see the materials on the screen,
and affirmative answers were obtained. First, in the center of the screen, a fixation
cross is presented for 800–1200 ms. After the fixation cross, for each novel word,
three discourses are displayed one after another and finally appear together on the
screen. Then, the participants’ comprehension of discourses was evaluated by self-
rating on a 5-point scale (from ‘cannot understand’ to ‘completely understand’).
Participants gave a high rating on their understanding of these learning discourses
(M = 3.87, SD = 0.53), which indicated a good comprehension of the learning
discourses. After the rating, a blank screen appears and lasts for 2000–2800ms before
the onset of the next trial. The presentation order of three discourses for the same
novel word within a set was randomized across all participants. The presentation
order of the discourses for five novel words within the same block is randomized. The
presentation order of the four blocks was also randomized.

After the presentation of 5 sets of discourses, the participants were asked to answer
15 two-choice questions one by one in a randomized order. Each question remained
on the screen until participants pressed the left or right key to answer. The program
does not allow three consecutive answers to appear on the same side. For each choice
question, participants’ incorrect answers would again lead to the presentation of the
corresponding discourse. Then, a retest of the same choice question is performed by
the participants, and this cycle ends when the answer is correct. The next question
appears after the offset of the duration (equally distributed between 2000 ms and
2800ms). These questions were easy for the participants: most participants could give
the right answer when they encountered the choice questions for the first round (the
average correct rate was 95.84%, SD = 4.18%).
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2.3.2. Testing session
Testing materials. After the learning session, the participants wore the EEG cap and
performed the testing session. The testing session includes 60 recurrence type
discourses, 20 new-theme type discourses, and 20 category-feature type sentences,
all of which are written in English. For each type of discourse or sentence, half of them
are made congruous by making the contexts described by the discourses or sentences
fit the novel words, while the other half are made incongruous by substituting the
original novel words with unmatched novel words selected from the list of other
novel words in the learning session. All novel words are placed at the final position of
testing discourses or sentences to create incongruency or congruency relationships
between target words and preceding contexts. Novel words in the testing discourses
or sentences are underlined. The pairing of novel words and discourses or sentences
is pseudorandom.

The recurrence type discourses refer to the same discourses that have been learned
in the learning session, and they can be used to examine whether learners havemainly

Figure 1. Schematic overview of the learning session.
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absorbed the novel words into their episodic memory because the processing of
recurrence type discourses mainly involved the recollection and recognition of
original contexts. It is possible that participants can make the right judgment on
the congruency in the recurrence type discourses even though they do not understand
the target word because their judgment was based on familiarity with the original
contexts that they saw. An example of a recurrence type discourse is shown below:

John is a construction worker, and he has to eat outdoors in winter. To keep his
fingers warm, he turns on the heating button on the jommer.

Answer: false.

The new-theme type discourses provide new themes that were not encountered by
participants in the learning session. The introduction of the new-theme type discourses
is to examine whether the participants have truly understood the novel words and are
able to make sense of them under new thematic relations independent of the contexts.
The length of new-theme type discourses is designed to be similar to that of recurrence
type discourses. To ensure that the new-theme type discourses describe different
contexts from those in the learning discourses, another 15 participants were recruited
to evaluate these discourses by reading them, and on average, 83% of new-theme
discourses were reported as describing different themes from the recurrence type
discourses. It should be noted that although the three original contexts (for each novel
word) provided in the learning session may have built some thematic linkages between
novel words and semantic networks, the new-theme discourses are still valid in testing
the establishment and extension of thematic relations. The difference in the themes used
in learning and testing sessions makes sure that they do not interfere, and the effects
generated by the new themes would mark a qualitative shift from episodic memory to
semantic memory. An example of a new-theme type discourse is shown below:

John was eating lunch. The food dropped and dirtied John’s new T-shirt when he
tried to pick up food using the over-heated speth.

Answer: true.

Category-feature sentences describe the categories and features of novel words.
The aim of this condition is to investigate the establishment of taxonomic relations in
the semantic network by asking participants to differentiate the category features of
novel words. An example of a category-feature sentence is shown below:

The chopsticks that can heat themselves are speth.

Answer: true.

It should be noted that in the new-theme type discourses and category-feature
type sentences, it is inevitable to have a few words repeating the learning dis-
courses. The judgment of recurrence type is assumed to mainly rely on episodic
memory even though it cannot completely rule out the involvement of semantic
memory (which should be much less, if it exists, than the other two conditions).
And the judgment of new-theme type and category-feature type should mainly
employ semantic memory.
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Testing procedure. The presentation procedures of the testing session are depicted in
Figure 2. First, in the center of the screen, a fixation cross is presented for 800–
1200ms. Discourses or sentences appear on the screen one after another. Participants
can read the entire discourse or sentence except for the newly learned word in the
final position. After at least 3000 ms, participants can press the spacebar, after which
the novel word will appear in the final position of the discourse or sentence (1000 ms
after the spacebar press). Here, participants were notified before the testing session
that they should focus on reading and understanding the discourses or sentences
before they pressed the spacebar because they were given only 3000 ms to judge the
congruency between the novel word and the discourse by pressing the left
(congruous) or right key (incongruous). Participants were required to make their
judgments as quickly and as accurately as possible. After the judgments are made, a
blank screen will appear and stay for 2000–2800 ms before the onset of the next trial.
Assignment of the left and right keys to congruous and incongruous conditions is
counterbalanced. Discourses originally designed for the same novel words or includ-
ing the same novel words are separated by other discourses.

In the testing session, all discourses or sentences are systematically separated into
three types and are presented alternatively. The presentation order of the 100 dis-
courses is as follows: 20 recurrence discourses, 20 new-theme discourses, 20 recur-
rence discourses, 20 category-feature sentences and 20 recurrence discourses. The
category-feature type was placed at the relatively back position to avoid participants’
exposure to the word meaning implied by the category-feature type sentences before
processing the recurrence type and new-theme type discourses. The main reason we
administered 60 trials of recurrence discourses and divided them into three sections is
to demonstrate that the insignificant effects from the other two conditions (new
theme and category-feature), if found, are not caused by fatigue. During the whole
testing session, participants were instructed to keep still and try to avoid blinking
during the judgment process. Participants were required to take a short break after
every 10 trials.

Figure 2. Schematic overview of the testing session.
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2.3.3. EEG data collection and preprocessing

Participants wore an elastic electrode cap with standard 64 Ag/AgCl electrodes (Brain
Products, Germany) according to the international 10–20 system for recording their
Electroencephalogram signals during the testing session. The signals were sampled at
1000 Hz, and the physical reference electrode was FCz. The ground electrode was
placed between FP1 and FP2. Throughout the EEG collection, the electrode impedance
wasmaintained below 5 kΩ. We used Letswave 7 (AndréMouraux, Brussels, Belgium)
and EEGLAB (Delorme &Makeig, 2004) to preprocess and analyze the EEG data. The
datawere first resampled to 250Hzand referenced to the cross-electrode average. Then,
a band-pass filter in the range of 0.05–30 Hz was used. Afterward, the SPA toolbox
(Ouyang et al., 2022)was employedonall participants to removeEEGartifacts based on
a threshold parameter of 30. SPA removes artifacts based on decomposed principal
componentswith abnormal amplitudes insteadof discarding thewhole trial. Therefore,
after the SPA, no trial is completely deleted from the dataset.

It has to be noted that our current preprocessing does not employ the commonly
used procedure with independent component analysis (ICA). The reasons are as
follows. In the beginning, we applied the ICAmethod to remove the ocular artifacts in
combination with both automatic artifact removal packages and visual inspections of
artifacts. Following several documented publications (Chaumon et al., 2015; Dimi-
gen, 2020; Winkler et al., 2015) and the official EEGLAB tutorial website (https://
eeglab.org/tutorials/06_RejectArtifacts/RunICA.html), we learned that the ICA
method’ s performance would be compromised if the low cutoff of band-pass filtering
is lower than 1Hz.Our observation of the ICA application results was in line with this
statement.We found that lowering the low cutoff increasingly retains ocular artifacts.
When the low cutoff is low (e.g., 0.05 Hz), it is difficult to unambiguously identify
ocular artifacts from the ICs for both automatic tools and visual inspection. It
appeared that the ocular artifacts shattered across many ICs, including the low-
energy ones. We could have applied 1 Hz cutoff filtering. However, our N400 effects
appear to dominate the low-frequency part, which is also in line with the literature of
N400 studies (Chen et al., 2014; Ding et al., 2017; Zhang et al., 2019). This left us a
dilemma 1) having better ICA decomposition but sacrifice our N400 component
(as said in the official EEGlab tutorial and documented literature) or 2) having
compromised ICA decomposition by applying low cutoff but better retaining our
N400 component. To address this dilemma, eventually, we resorted to methods that
simply removed the large-variance PCs.

The last step is to obtain the average ERPs locked to the presentation time of the
novel word at the end of each discourse. The ERP data used for analysis were obtained
by segmenting EEG trials from 200 ms before the onset of the novel word to 1000 ms
after the stimulus. The baseline correction was based on [�200 ms, 0 ms]. The
average ERPs for congruous and incongruous conditions were separately obtained,
and the difference wave between themwas calculated to obtain the N400 component.
Themean amplitude of theN400 component was calculated from the timewindow of
[300ms, 500ms] after stimulus onset. Except for the outliers that have been removed
(see below), all trials under the same conditions are involved in the averaging process.

3. Statistical analysis
This research primarily focuses on examining the effect of AoFE on L2 learning
outcomes, particularly on semantic learning of new L2 words, as indicated by the
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N400 effect. To prove the existence of the learning effect at the neural level, the ERP
amplitudes elicited by congruous and incongruous discourses from specific time
windows and electrodes (reported in the Results section) were separately calculated,
and their difference serves as the neural indicator of learning outcome. For statistical
testing of the significance of the N400 effect, we first applied repeated measures
ANOVA across all conditions and then paired t tests in separate conditions. The T
value, p value, degree of freedom, SEM (standard error of the mean) and effect size
measures were reported. Multiple comparison corrections based on the Bonferroni
correction were conducted wherever needed (Shaffer, 1995). The average accuracy
and RT separately for all discourses combined, different discourse types and different
blocks of the recurrence type were reported. The outliers (beyondmean ± 3 SD) from
the behavioral variables (0.25% excluded) and neural variables (0.82% excluded) were
excluded before calculating the descriptive statistics.

Afterward, to investigate the AoFE effect on the N400 component, several other
major factors that may also significantly affect L2 learning and thus confound the
effect of AoFE were identified according to the literature. This leads to the following
set of independent variables: 1) AoFE, 2) AoTE, 3) English proficiency, 4) English
working memory capacity, 5) gender, 6) personality and 7) SES. The dependent
variable is the N400 effect, which was calculated as the difference between the
congruous and incongruous conditions, andwas further separated into four versions:
1) N400 for all discourses combined, 2) N400 for recurrence type discourses, 3) N400
for new-theme type discourses and 4) N400 for category-feature type sentences. The
outliers (beyondmean ± 3 SD) from the participant samples were excluded, resulting
in an exclusion rate of 0.29%. We first conducted Pearson correlations among
variables to provide a coarse-grained overview of their internal relationships. Before
conducting themultiple linear regression (MLR) analyses on the separate conditions,
we first applied a linear mixed model (LMM) analysis (using R) to examine the
independent variable’s effects across all the conditions in the samemodel. Thismodel
thus includes all discourse types (three types) and all the above-mentioned inde-
pendent variables as the whole set of independent variables. The independent
variables (except for gender, that is, binary) were standardized as Z scores before
feeding to the LMM fitting. After the LMM analysis, we conducted three separate
MLR analyses (conducted in SPSS 28.0.1.0) for the three discourses and sentences
separately. It should be noted here that in the current study, the research scope does
not include the interaction effects among various independent variables on the N400
components (dependent variables). Therefore, no specific hypotheses about the
interactions were formulated and tested.

We decided not to remove the inaccurate trials in our ERP analysis. In this
research, the effect of AoFE was mainly manifested in the neural data rather than
the behavioral data.We hypothesized that the semantic processing of the novel words
occurs in the brain, regardless of whether participants gave the wrong or right answer.
In this sense, the relevant neural effect of semantic processing at single trials was
treated as a continuous variable. Below a threshold at this continuous variable, the
participantmay generate a wrong answer. However, we have to include all the trials to
have all the neural effects (no matter to what degree) retained in our statistical
analysis to reveal the neural effects. We also analyzed the data based on correctly
responded trials for comparison. The differences between the two versions of analysis
will be discussed in the Discussion section.
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4. Results
4.1. Descriptive statistics of the independent variables

In this study, there are, in total, seven independent variables that are examined in
their contribution to the outcomes of lexical-semantic learning of L2/English
unknown concepts measured by N400. The results of their descriptive statistics are
summarized in Table 1.

4.2. Behavioral and EEG data measurements

4.2.1. Behavioral data measurements
We separately report the results of the descriptive statistics of behavioral data for
different discourse types and different blocks of the recurrence type in Tables 2 and 3.
The validity of the behavioral data is supported by the relatively high average
accuracy (substantially higher than 50%) and the cross-individual variability, as well
as the relatively short average RT (ranging from 1 to 1.3 seconds). This also means
that the judgment tasks in the testing session are not so difficult that participants did
not have to take many seconds to perform them. Therefore, the ERP method is an
appropriate neural measurement method since it is usually used to investigate
stimulus-elicited neural processes that occur within 1–2 seconds.

The accuracy of the recurrence type discourses was largely in line with the pilot
results of learning discourses. Although the range is from 0.43 to 1.00, the majority
of them showed satisfactory performance. This can be demonstrated by the
histogram as follows (Figure 3), which shows that most participants achieved an
accuracy exceeding 70% in the judgment of recurrence type discourses. Only very
few participants completed an accuracy below 60%. These behavioral results
implied that most participants achieved an acceptable performance in the recur-
rence type of testing session. We believe that the wide distribution of the accuracy
is appropriate since it can differentiate participants’ learning outcomes. If the
learning discourses are too easy for participants to learn, there would be little
individual differences in the N400 effect elicited by their judgment of testing
discourses.

Table 1. Descriptive statistics for the independent variables related to English learning

N Min. Max. M SD

AoFE 87 3.00 14.00 8.72 2.82
English proficiency 87 20.05 76.32 50.86 11.86
AoTE 87 1953.87 10791.22 5250.74 1933.71
English working memory capacity 87 19.00 57.00 39.96 8.29
Gender 87 .00 1.00 .51 .50
Personality 87 1.00 14.00 7.95 3.22
SES 87 10.00 91.11 43.90 17.37

Note: N: sample size. M: mean. SD: standard deviation. AoFE: age of first exposure to English. English proficiency: score
obtained from the weighted sum of many tests and questionnaires measuring English proficiency. AoTE: the amount of
total English exposuremeasured as the sumof participants’ English learning time at the unit of theminute. English working
memory capacity: score of participants’ working memory capacity to store and process English materials. Personality
score:measurement of outgoingness. The higher the personality score is, themore outgoing the participant is. SES: score of
socioeconomic status.
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Table 2. Descriptive statistics for accuracy

Accuracy N Max Min Mean SD CV

Overall 87 .98 .52 .79 .13 .16
Recurrence type 87 1.00 .43 .80 .13 .17
New–theme type 87 1.00 .35 .76 .15 .20
Category–feature type 87 1.00 .45 .81 .14 .18
Recurrence type block 1 87 1.00 .40 .77 .14 .19
Recurrence type block 2 87 1.00 .30 .80 .17 .21
Recurrence type block 3 87 1.00 .50 .82 .13 .16

Note:N refers to the sample size used in this descriptive analysis. SD refers to standard deviation. CV refers to the coefficient
of variation.

Table 3. Descriptive statistics for reaction time

Reaction time N Max Min Mean (s) SD CV

Overall 87 1.77 .59 1.18 .26 .22
Recurrence type 87 1.73 .58 1.16 .26 .22
New–theme type 86 1.84 .63 1.25 .29 .23
Category–feature type 87 1.75 .56 1.16 .28 .24
Recurrence type block 1 87 1.98 .60 1.30 .34 .26
Recurrence type block 2 87 1.73 .52 1.15 .28 .24
Recurrence type block 3 87 1.71 .52 1.04 .25 .24

Note:N refers to the sample size used in this descriptive analysis. SD refers to standard deviation. CV refers to the coefficient
of variation.

Figure 3. Distribution of accuracy in the recurrence type discourses.
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4.2.2. EEG data measurements
The ERPs obtained from the novel words (target words) in the final position of a
sentence are expected to show different amplitudes depending on whether the target
word is congruous with the sentence or not. The effect caused by congruency is called
theN400 effect. N400 is an ERP component with an amplitude reversely proportional
to the degree of semantic violation between the target word and its contexts.
Therefore, participants’ mastery of novel words can be reflected in the indexes of
N400. The N400 effect is calculated as the ERP difference between the averaged ERP
waveforms from congruous and incongruous conditions (specifically, incongruous
minus congruous). In this study, the time window from 300 ms to 500 ms after the
onset of the novel wordwas selected tomeasure theN400 effect. The region of interest
includes the central and parietal areas, which are represented by electrodes Cz, CPz
and Pz since this area is conventionally adopted to observe N400 (Hajra et al., 2018;
Mathalon et al., 2002). The analysis was separately done on different conditions, that
is, all discourses combined, the recurrence type discourses, the new-theme type
discourses and the category-feature type sentences.

We first conducted a repeated measures ANOVA with discourse type
(recurrence type block 1, new-theme type, recurrence type block 2, category-
feature type and recurrence type block 3) and congruence (congruous
vs. incongruous) as two within-subject factors and found a significant interaction
effect between the two factors (F = 2.899, p = 0.022, Partial Eta Squared = 0.03).
Besides, the main effects of both discourse type and congruence were significant
(type: F(4,332) = 3.008, p = 0.018, Partial Eta squared = 0.04; congruence:
F(1,83) = 33.649, p < 0.001, Partial Eta Squared = 0.29). After the ANOVA test,
paired t tests were conducted between congruous and incongruous on all dis-
courses combined, the three types and three blocks of recurrence type, separately.
Formultiple t tests, we adopted the Bonferroni correction to adjust the significance
level α. For the t-test results for all discourses combined (the entire dataset), we
retain the original standard significance level (α = 0.05) because testing on the
whole dataset of the entire study can be treated as a single test. Then, when
analyzing (testing) the three types (recurrence type; new-theme type; category-
feature type), they are treated as three tests. Therefore, based on the Bonferroni
correction, the significant level α is adjusted by dividing the original value by three;
thus, the new α to be compared with is 0.017. Since the recurrence type is further
divided into three blocks, the new α value for the further divided subsets becomes
0.006, i.e., p values less than 0.006 (rather than 0.05) will be treated as significant
results. As shown in Table 4, for all discourses combined, there is a significant
N400 effect. For separate types, the recurrent discourses elicited a statistically
significant N400 effect; new-theme type discourses also elicited a statistically
significant N400 effect; category-feature type sentences did not elicit a statistically
significant N400 effect. The recurrence discourses in blocks 1 and 3 elicited
significant N400 effects.

Figure 4 shows the descriptive results of ERP waveforms and topography of the
N400 effect for all discourses combined. Figure 5 shows the topographies of averaged
ERP differences between congruous and incongruous conditions within a time
window of [300 ms, 500 ms] for all discourses combined and different types of
discourses or sentences.
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4.3. Correlation and regression analyses between all variables

The Pearson correlation analysis was conducted to examine the correlation among all
variables to provide an overview of their internal relationships among them. The
results of the correlation matrix are shown in Table 5. The correlation table is for the

Table 4. The N400 effect of the target word from all discourses combined, three types and three blocks
of recurrence type at the average electrode

Averaged electrode t value p value Adjusted α df SEM

Overall �5.83*** <.00 0.05 85 .07
Recurrence type �5.81*** <.00 0.017 85 .08
New–theme type �3.33** .00 0.017 86 .15
Category–feature type �0.60 .55 0.017 86 .15
Recurrence type block 1 �4.55*** <.00 0.01 85 .15
Recurrence type block 2 �2.63 .01 0.01 84 .12
Recurrence type block 3 �2.87* .01 0.01 86 .12

Note: df refers to the degree of freedom. Regarding the dfs for different types of discourses or sentences, the reason is that
we separately examined the number of outliers in the data sample for different types (but based on the same criterion) and
removed the different numbers of outliers in different types. Therefore, the actual numbers of participants that were used
in the t-test analyses for different types of discourses or sentences were different. SEM refers to the standard error of the
mean.

Figure 4. Time courses of ERP and topography of N400 effect. The ERPs are averaged from all types of
discourses or sentences. The difference waves from three types of discourses or sentences are also
presented together in a single waveform. The topography at the center is the ERP difference from all types
of discourses combined between congruous and incongruous conditions averaged from 300 to 500 ms.
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purpose of providing information for readers’ evaluation of the internal relationships
but not for making statistical conclusions about the AoFE effect on lexical semantic
learning. As such, we did not specifically carry out multiple comparison adjustments.
Statistical significance analysis was carried out in the LMM and MLR models below.

After the Pearson correlation analysis, we conducted the LME analysis to evaluate
the degree to which different factors contribute to the variability of the magnitude of
the N400 effect across participants. The results showed that participants’ AoFE,
AoTE, English proficiency and personality had significant effects on the variability of
the N400 effect across participants (Table 6).

After the LME analysis, we conducted three separate MLR analyses on the three
types of discourses or sentences. The results are shown in Tables, and. Multiple
comparison corrections based on the Bonferroni correction were conducted on the
results obtained from multiple regression models (Shaffer, 1995). The significant
level α was reduced to one-third of 0.05, that is, 0.017, because the test was
conducted three times on each of the three sub-datasets. The positive t value of
AoFE means that the N400 effect value is higher when AoFE is larger (i.e., starting
L2 learning later). This is because the N400 effect here was calculated as

Figure 5. Topographies of N400 effect obtained by subtracting ERP waveforms of congruous conditions
fromERPwaveforms of incongruous conditions for the overall data (all types combined) and different types
of discourses or sentences.
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Table 5. Pearson correlations among 11 variables

N400 overall N400 type1 N400type2 N400type3 AoFE AoTE Proficiency WMC Personality Gender SES

N400
overall

1.00 .75** .61** .46** .59** �.58** �.55** �.31** �.22* .26* �.21

N400
type1

.75** 1.00 .16 �.01 .46** �.50** �.36** �.28** �.16 .33** �.28**

N400
type2

.61** .16 1.00 .15 .47** �.52** �.50** �.16 .11 .30** �.11

N400
type3

.46** �.01 .15 1.00 .04 �.10 �.27* �.11 �.36** �.22* .06

AoFE .59** .46** .47** .04 1.00 �.42** �.43** �.15 .05 .17 �.33**
AoTE �.58** �.50** �.52** �.10 �.42** 1.00 .53** .26* .07 �.21 .20
Profici–ency �.55** �.36** �.50** �.27* �.43** .53** 1.00 .42** �.05 �.09 .29**
WMC �.31** �.28** �.16 �.11 �.15 .26* .42** 1.00 .01 �.31** .29**
Personality �.22* �.16 .11 �.36** .05 .07 �.05 .01 1.00 .08 �.04
Gender .26* .33** .30** �.22* .17 �.21 �.09 �.31** .08 1.00 �.16
SES �.21 �.28** �.11 .06 �.33** .20 .29** .29** �.04 �.16 1.00

*represents that correlation is significant at the 0.05 level (2-tailed).
**represents the correlation is significant at the 0.01 level (2-tailed).
Note: N400 overall refers to the N400 effect of all discourses combined. N400 type 1 refers to the N400 effect from the recurrence type discourses. N400 type 2 refers to the N400 effect from the new-
theme type discourses. N400 type 3 refers to the N400 effect from the category-feature sentences. AoFE: age of first exposure to English. AoTE: the amount of total English exposure. WMC: English
working memory capacity.
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‘incongruent ERP - congruent ERP’, and therefore, a higher N400 effect value
(closer to zero) refers to a lower magnitude of the N400 effect. This relationship
applies to the results in Tables, and. Regarding the collinearity problems among
the 11 variables, the value of variance inflation factor (VIF) is provided, which
shows that there are no collinearity problems among those variables in this study
since the values of VIF are relatively small (<5).

The summary of the MLR model results for the N400 averaged from recurrence
type discourses is shown in Table 7, which shows that AoFE and AoTE significantly
contribute to the variance of the N400 effect averaged from recurrence type dis-
courses. Specifically, lower AoFE and higher AoTE elicited larger N400 effects.

The summary of MLR model results for the N400 averaged from new-theme type
discourses is shown in Table 8, which shows that AoFE, AoTE and English

Table 6. LME results

Random effects:

Groups Name Variance Std. Dev

Participant ID (Intercept) 0.000 0.000
Residual 1.11 1.05
Number of obs: 260, groups: Participant ID, 87

Fixed effects:
Estimate Std. Error df t value Pr(>|t|)

(Intercept) �0.75 0.18 251 �4.06 6.47e–05 ***
Discourse type 0.15 0.08 251 1.93 0.06
AoFE 0.18 0.08 251 2.21 0.03*
AoTE �0.18 0.08 251 �2.15 0.03*
Proficiency �0.29 0.09 251 �3.33 <0.01***
WMC <�0.01 0.08 251 �0.02 0.98
Personality �0.15 0.07 251 �2.29 0.02*
Gender 0.13 0.14 251 0.93 0.35
SES 0.09 0.07 251 1.26 0.21

Table 7. MLR results for recurrence type discourses

Model R R2
Adjusted

R2
SE of the
estimate

R2

change
F

change
Sig. F
change Durbin–Watson

.64 .41 .36 .60 .41 7.91 <.001 1.67

Unstandardized
coefficients

Standardized
coefficients Collinearity

B Std. error Beta t Sig. Tolerance VIF

(Constant) �.62 .09 �6.76 <.00
AoFE .20 .08 .26 2.54 .01 .71 1.42
AoTE �.21 .08 �.28 �2.63 .01 .65 1.54
Proficiency �.03 .09 �.04 �.37 .72 .57 1.77
WMC �.05 .08 �.06 �.61 .55 .72 1.39
Personality �.13 .07 �.18 �2.01 .05 .97 1.03
Gender .31 .14 .21 2.23 .03 .85 1.18
SES �.06 .07 �.08 �.81 .42 .83 1.21
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proficiency significantly contribute to the variance of the N400 effect averaged from
new-theme type discourses. Specifically, lower AoFE, higher AoTE and higher
English proficiency elicited larger N400 effects.

The summary of MLRmodel results for the N400 averaged from category-feature
type sentences is shown in Table 9, which shows that the N400 effect did not reach
significance in the category-feature type even though English proficiency and per-
sonality significantly contribute to the variance of the N400 effect averaged from
category-feature type sentences. Specifically, higher English proficiency and extro-
verted personality elicited larger N400 effects.

To explicitly show the direction of the relationship between the N400 effect and
various individual difference measures, the scatterplot and the best-fit line are
provided in Figure 6.

Table 8. MLR results for new-theme type discourses

Model R R2
Adjusted

R2
SE of the
estimate

R2

change
F

change
Sig. F
change Durbin–Watson

.67 .45 .40 1.08 .45 9.23 <.001 1.81

Unstandardized
coefficients

Standardized
coefficients Collinearity

B Std. error Beta t Sig. Tolerance VIF

(Constant) �.78 .17 �4.66 <.00
AoFE .34 .14 .25 2.47 .016 .71 1.42
AoTE �.38 .15 �.27 �2.65 .01 .65 1.54
Proficiency �.42 .16 �.30 �2.70 .01 .57 1.77
WMC .13 .14 .10 .97 .33 .72 1.39
Personality .12 .12 .08 .98 .33 .97 1.03
Gender .58 .25 .21 2.32 .02 .85 1.18
SES .18 .13 .13 1.37 .17 .83 1.21

Table 9. MLR results for category-feature type sentences

Model R R2
Adjusted

R2
SE of the
estimate

R2

change
F

change
Sig. F
change Durbin–Watson

.52 .27 .21 1.11 .27 4.21 <.001 1.90

Unstandardized
coefficients

Standardized
coefficients Collinearity

B Std. error Beta t Sig. Tolerance VIF

(Constant) .08 .17 �.48 .63
AoFE .01 .15 .01 .07 .94 .65 1.54
AoTE .08 .15 .07 .55 .58 .64 1.56
Proficiency �.41 .16 �.33 �2.58 .01 .56 1.78
WMC �.10 .14 �.08 �.71 .48 .71 1.41
Personality �.45 .12 �.36 �3.66 <.00 .97 1.03
Gender �.52 .26 �.21 �1.99 .05 .85 1.18
SES .16 .13 .13 1.20 .23 .82 1.22
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Figure 6. Scatterplot and best-fit line showing the relationship between the N400 effect and various individual factors.
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5. Discussion
According to the LME results obtained from all discourses combined (see Table 6), it
can be seen that lower AoFE, longer AoTE, higher L2 proficiency and higher extro-
version elicited larger N400 effects in individuals. The key finding for the current study
is that AoFE is significantly associated with the neural N400 effect (earlier AoFE, larger
N400 effect), even after controlling for various major confounding factors, including
AoTE, language proficiency and so forth. The N400 effect serves as a neural marker of
L2 lexical semantics acquisition measured by a novel-word learning task designed in
this study. In the following, we will discuss the major results found.

5.1. AoFE effect manifested in episodic and semantic memory of newly acquired words

TheMLRmodels show that the N400 amplitude effects elicited by the target words at
the end of both recurrence type discourses and new-theme type discourses are
significantly correlated with the participants’ AoFE in a way that early AoFE leads
to a stronger N400 effect. Based on the assumption that N400 reflects the perform-
ance of the lexical semantic learning, these results imply that earlier AoFE to English
leads to an enhanced process of integrating unknown L2 concepts into both episodic
and semantic memory.

The AoFE effect on episodic memory formation has been supported by the
findings of previous relevant studies. Luk et al. (2011) found that the early bilingual
learning experience of young adults enhances cognitive control, whichwas claimed to
accelerate the retrieval process of learners’ episodic memory (Barredo et al., 2015;
Wagner, 2002). Similarly, Schroeder and Marian (2012) asked participants to per-
form several tasks on episodic memory and found that the bilingual learners who
started their language learning at a relatively early age performed better in the recall
tasks. Their research concluded that the higher performance of bilingual learners
with earlier L2 is rooted in their superior executive functioning (Schroeder &Marian,
2012). In contrast to late bilingual learners, early bilingual learners have the advan-
tage of higher efficiency in searching and locating relevant clues during episodic
memory retrieval. From the perspective of the cognitive reserve hypothesis, being
exposed to more than a single language from an early age can, to a large extent,
alleviate the decline of cognitive ability caused by the ageing of the brain. Thus,
bilingual learners’ brain is suggested to bemore endurable to degeneration of episodic
memory during ageing (Angel et al., 2022; Perquin et al., 2013).

The AoFE effect on semantic memory formation can also be linked to previous
models. There were very few models specifically focusing on the AoFE effect in L2,
especially in L2 lexical-semantic processing. It has been suggested that AoFE effects in
L1 and L2 are based on similar underlying mechanisms or processes (Hernandez &
Li, 2007). Here, we propose a general account of the AoFE effect from the compu-
tational perspectives (Li et al., 2004; Seidenberg & Zevin, 2006; Smith et al., 2000):
Through semantic connections, the meaning of novel words can be merged into the
individual lexical-semantic network during novel word learning. According to the
growing network model (Steyvers & Tenenbaum, 2005), the age at which a person
starts to learn a new language influences the quality of their lexical-semantic network.
The quality of the L2 lexical-semantic network determines learners’ ability to infer
novel word meanings through contextual learning, which leads to different learning
outcomes. L2 learners with late AoFE have comparably less adequately formed L2
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lexical semantic networks, which leads to less effective contextual learning and
suboptimal establishment of associations between the novel and existing semantic
nodes. On the contrary, learners with early AoFE have a well-developed L2 lexical-
semantic network that supports effective contextual learning. In addition to the
growing network model, the theory of neural plasticity also supports the effect of
AoFE on semantic memory formation. Ellis and Lambon Ralph (2000) put forward
the connectionist model, stating that early learners enjoy greater neural plasticity for
the formation of a semantic network while starting late reduces plasticity. Such an
effect of age-dependent plasticity brings great advantages to early learners in lexical
semantic acquisition. Many previous neurocognitive studies that employed the N400
component as the neural marker to study novel word semantic learning (Borovsky
et al., 2012; Liu & van Hell, 2020) did not study how this ERP component is affected
by AoFE. Our study was designed to examine this specific question.

We now discuss the differential effects of AoFE on new-theme discourses and
category-feature sentences. Novel concepts are acquired based on their various
relations with existing concepts, thematically or categorically. Previous studies have
not yet studied how the AoFE effect differs across thematic and taxonomic relations.
One relevant line of study is that the strength of semantic relations has been shown to
be influenced by age (Cicirelli, 1976; Kogan, 1974; Smiley & Brown, 1979). To be
specific, the preference for thematic relations declines from childhood to adulthood
but reverses after adulthood and regains its dominance for elderly people. In contrast,
adults are more sensitive to taxonomic relations as compared to children and the
elderly. These findings may explain why L2 learners with larger AoFE perform worse
in connecting L2 novel concepts with existing nodes through thematic relations. To
elaborate, when learners begin to learn English at a late age, their preference for
thematic relations is lowered, and they tend to employ more taxonomic relations.
This leads to further decreased intensity in the cultivation of the thematic relations in
their L2 semantic network. Consequently, their understanding of the thematic
relations is not as good as that of early learners, and they performed worse in
developing and extending new thematic relations when acquiring unknown concepts
in L2. From another perspective, the preference for learning via thematic relations
can be consolidated in people at a young age and persists into adulthood, thus
accounting for the result that lower AoFE leads to larger N400 effects for words seen
in the thematic condition.

5.2. Independent effect of AoFE from AoTE

One of the key novel findings in the present study is that AoFE shows an independent
effect that is not accounted for by AoTE. The pattern is consistent in both recurrence
type and new-theme type discourses. If the learning process is built on a simplemodel
in which the learning outcome is linearly correlated with the amount of time input to
the learning, then the starting age would not exhibit a significant effect in the MLR
model analysis. In other words, the learning outcome, which is quantified by the
N400 effect, would be fully explained by AoTE. This result demonstrates that the
contribution of the total amount of English exposure (AoTE) does not fully explain
the variance in the learning outcomes of the participants. Instead, AoFE plays a
unique role. Although it may be trivial to state that learning outcome depends on the
starting age of learning because the brain’s functions naturally decline during ageing,
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this study focuses on young adult populations and provides statistical evidence that
AoFE indeed plays an important role in L2 learning outcomes.

5.3. Proficiency effect

Aside from the AoFE and AoTE effects, it can also be found from theMLR results that
the N400 effects that were elicited by the final words both in the new-theme discourses
and in the category-feature sentences showed a statistically significant increase in the
level of English proficiency. This pattern was not found in the recurrence type
discourses. This result confirmed the unique role played by English proficiency in L2
learning.Here, onemay argue that Englishproficiency should be a direct outcomeof L2
learning and a direct indicator of the level of L2 achieved. Therefore, this factor should
explain the majority of the new word learning as measured by the N400 effect, leaving
little variance to be explained by AoFE and AoTE because AoFE and AoTE have
‘injected’ their effects into English proficiency – a variable that is expected to be the
direct outcome of language learning and the direct determinant of N400 effects. To this
point, our explanation is that the proficiency level assessed by the behavioral tests and
questionnairesmay not precisely capture the ability of newL2word learning based on a
multi-contextual learning scheme. In addition, different individuals might achieve an
L2 proficiency level that is not accounted for by external factors (e.g., AoFE, AoTE) but
by internal factors (e.g., language learning abilities determined genetically, learning
habits andmethods, etc.). Consequently, the factor of language proficiency contributes
a unique amount of effect to the word learning performance.

5.4. Personality type effect

Another interesting finding from the study is that L2 learners’ personality type
measured by extroversion also has significant effects on new word learning perform-
ance. Specifically, the N400 effect (all discourse types combined) is stronger in
individuals with higher personality scores (which means more extroverted). The
personality effect is mainly located in the category-feature type sentences. This result
indicates that extroverted character enhances L2 learners’ learning of novel concepts,
whereas introverted character impedes this process. This is largely in line with the
intuition that extroversion is associated with more intense language communication,
which is a defining feature of it. This relationship has been supported by findings of
previous studies on the correlation between extroversion and L2 learning. In the aspect
of the breadth of vocabulary knowledge, Golaghaei and Sadighi (2011) found that
extroverted English learners performed better than introverted English learners. Ara
(2015) also found that success in word learning can be largely attributed to the
cultivation of positive personality skills. Overall, extensive previous research supported
that extroversion positively contributes to L2 learning performance (Ghapanchi et al.,
2011; Kayaoğlu, 2013; Pourfeiz, 2015; Wakamoto, 2000).

6. Limitation and future direction
The current study examined the association between AoFE and L2 lexical semantic
learning performance and showed a significance between them modulated by the
type of memory. The association cannot be fully accounted for by AoTE and other
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major confounding factors, meaning that the starting age does play a unique role. The
results strongly suggest a causal effect of AoFE on L2 learning. However, the nature of
the current study could not demonstrate the causality relationship, which will be left
for future studies (e.g., longitudinal research). As for the issue regarding critical
points, our results only showed the existence of the association but did not identify
the exact time point (if it exists). Future work needs to be done with a larger sample
size and a more specific experimental design to address the issue of the existence of a
critical point in AoFE on lexical semantics.

The testing session was arranged immediately after the learning session, which
could be another limitation of the current study. This design aims to investigate
whether the integration process of L2 novel concepts occurs immediately after
learning, which may be argued to be implicated with the contribution of episodic
memory. The consolidation effect on novel word learning over a longer time scale is
not under the scope of the current research but will be an interesting topic for future
studies. In the future, we can arrange the semantic testing of the L2 unknown
concepts at least one day after the learning session. Alternatively, the semantic testing
can be repetitively set on Day 1, Day 2 and one week after the learning session. In this
way, we can investigate the dynamical courses in terms of how the semantic
integration process of L2 unknown concepts lasts and how the role of thematic
and taxonomic relations developed or diverged in the semantic network during this
process.

It was not precisely controlled in howmuch time passed between the learning and
testing sessions and during the testing and learning sessions. However, when the
factors of session duration and inter-session interval were added as an independent
variable into the multiple regression models, the results showed that the time spent
on the learning and testing sessions, as well as the interval between the learning and
testing sessions, did not have a significant effect on the N400 effect.

According to the current research results, there is no significant AoFE or AoTE
effect on the N400 amplitudes elicited by the category-feature type sentences. Here, we
discussed the possibility that led to the insignificant AoFE and AoTE effects on the
N400 amplitudes under the category-feature condition. First, as mentioned before, it
may be due to the insufficient trials that resulted in low statistical power. Second, we do
agree that the difficulty level of learning discourses could be a compromised design. It is
possible thatmore intense and quality learningwill eventually lead to better acquisition
of the categorical concepts. Our current work presented a scenario in which the
establishment of taxonomic relations appears to be more complicated than the other
ones. Third, the design of the two-choice option in the learning session is imperfect in
ensuring high-quality and genuine word learning for the participant, as some partici-
pants would possibly use the content repetition to conduct the choice question. At the
same time, participants may simply choose the alternative response option after failing
in one attempt, which also raises concerns about the genuineness of the learning
processes. While the two-option design is imperfect, participants cannot correctly
choose the correct options, and the N400 effects would not exist in the testing session
had the participants not learned the semantic meaning of the words from the learning
discourses. In other words, if the two-choice question were presented before the
discourses, their correct rate would be 50%. However, the participants had a very high
correct rate in the two-choice questions (95.84%), which means most of them had
acquired themeaning of the novel words before the first round of two-choice questions.
Therefore, contextual learning still served as the foundation of their learning.We agree
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that the two-choice question served as a confirmatory procedure, which might further
enhance their memory and understanding of the novel words. However, the learning
effects should still be primarily from contextual learning (if they did not learn, the
memory could not be enhanced). Therefore, we think there was a sufficient amount of
participantswhomanaged to acquire thewordmeanings from learning discourses. The
current design would, to a certain degree, be able to reflect individual differences in
learning qualities. This limitation does not invalidate the ERP session because theN400
effect can only be elicited if the participant truly links the target word with the sentence
context. Fourth, the acquisition of category features of novel concepts may tap into a
more complex level of the learning process in the cognitive system, which requires
more cognitive resources. In any case, the learning process should be improved in
future studies. Improvement of learning quality may change the results regarding the
category-feature sentences: the N400 effect in category-feature sentences may become
significant if the design is improved.

In the testing session, it would be a good procedure to include a recognition test or a
recall test to behaviorally examine if the participants can recall themeaning of the novel
word or not. Not including this procedure is one of the limitations of our research. Our
assumption was that the participants largely understood the meaning of the novel
words, as reflected by the high correct rate in the two-choice question and by the reports
from the 15 participants in the pilot study phase. The significant N400 effects can, to a
certain extent, though not totally, prove that the acquisition of novel concepts occurred.
The current results can still compare the degree of learning effects between the thematic
and taxonomical relations (in our study, the former appeared to be stronger).

The last limitation that needs to be discussed regards the involvement of trials in
our analysis. In our formal statistical analysis, as shown in the result section, we
included all trials regardless of response correctness based on the assumption that
relevant neural activity of language processing exists in both correct and incorrect
trials. Therefore, to boost the statistical power, given the limited number of trials and
low signal-to-noise ratio in neural activity data in general, we included all trials. We
also analyzed the data with only correctly responded trials included and indeed found
that the statistical results were not fully consistent with the results based on all trials
(with some significant effects becoming insignificant). The primary reason we
speculated for the inconsistency is the inadequacy of trial numbers, which led to
insufficient power for the statistical results. This is, however, not directly testable in
the current study due to the limited number of trials, which is noted as a limitation in
the current study for the reader’s information.

7. Conclusion
This research demonstrated the advantages of the early L2 learning experience in L2
new concept learning in the domain of lexical semantics. Early AoFE learners show
stronger neural indicators of new concept learning performance, which implies that
the effect of AoFE has an influence on the neural system in semantic processing.Most
importantly, the AoFE effect is shown to be significant even after accounting for other
major confounding factors, including AoTE, L2 proficiency, personality, and so
forth. The AoFE effect in L2 is shown to be manifested through both the formation
processes of episodic and thematic memory.
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