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The present study aimed at distinguishing processing of early learned L2 words from
late ones for Chinese natives who learn English as a foreign language. Specifically,
we examined whether the age of acquisition (AcA) effect arose during the arbitrary
mapping from conceptual knowledge onto linguistic units. The behavior and ERP data
were collected when 28 Chinese-English bilinguals were asked to perform semantic
relatedness judgment on word pairs, which represented three stages of word learning
(i.e., primary school, junior and senior high schools). A 3 (AcA: early vs. intermediate
vs. late) x 2 (regularity: regular vs. irregular) x 2 (semantic relatedness: related vs.
unrelated) x 2 (hemisphere: left vs. right) x 3 (brain area: anterior vs. central vs.
posterior) within-subjects design was adopted. Results from the analysis of N100 and
N400 amplitudes showed that early learned words had an advantage in processing
accuracy and speed; there is a tendency that the AoA effect was more pronounced for
irregular word pairs and in the semantic related condition. More important, ERP results
showed early acquired words induced larger N100 amplitudes for early AoA words in
the parietal area and more negative-going N400 than late acquire words in the frontal
and central regions. The results indicate the locus of the AoA effect might derive from
the arbitrary mapping between word forms and semantic concepts, and early acquired
words have more semantic interconnections than late acquired words.

Keywords: AoA, event-related potentials, semantic processing, Chinese-native learners of English, arbitrary
mapping

INTRODUCTION

Age of acquisition (AoA) refers to the age at which a concept or a skill is learned (Hernandez
and Li, 2007). Early-learned words have advantage over late AoA words in processing accuracy
and speed (Brysbaert et al., 2000; Zevin and Seidenberg, 2002; Belke et al., 2005; Hernandez et al.,
2007; Bowers and Kennison, 2011). AoA is an important variable for lexical processing in both the
first language (L1) (Brysbaert et al., 2000; Mayberry and Lock, 2003; Weekes et al., 2004; Belke et al.,
2005; Chen et al., 2007) and the second language (L2) (Bowers and Kennison, 2011; DeKeyser, 2013;
Llanes and Mufioz, 2013; Saito, 2013; Stolten et al., 2013; Marcotte and Ansaldo, 2014; Montrul and
Foote, 2014). Relatively little empirical evidence is devoted to the L2 AoA effect for Chinese native
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learners who learn L2 English as a foreign language. The present
study was aimed at examining the L2 AoA effect on word
processing in native Chinese learners of English.

L2 AoA is observed to correlate negatively with L2 language
proficiency mostly in naturalistic settings (Birdsong, 2005; Saito,
2013; Montrul and Foote, 2014). Despite the evidence of
advantage of early language learning, however, a large body of
research suggests L2 learning depends on several factors such
as language experience (Rakhlin et al., 2015), affect (Pfenninger
and Singleton, 2016), quality and quantity of language input
(Flege et al., 1999). Early start does not confer the kinds of
advantage one might expect. Especially, previous evidence has
not confirmed the long-term benefits of an early start (Muiioz,
2008). So far, empirical evidence on the effect of early L2 learning
is still rare for Chinese natives who learn English mostly via
classroom instruction. To the best of our knowledge, only two
empirical studies addressed the L2 AoA effect with Chinese
native learners of English (Lu and Tu, 2010; Huang, 2014), and
results were controversial. Lu and Tu (2010)’s study examined
whether L2 AoA influenced the mental lexicon representation of
high-proficiency Chinese-English bilinguals by using a Bilingual
Stroop Task. Results of this study failed to find the magnitude
difference in the between-language interference between the early
and late bilinguals. Huang (2014)’s study administered L2 English
grammar and speech production to 118 Mandarin-speaking
immigrants in the United States. Results showed that the age of
learning had a robust effect on both L2 grammar and speech
production after controlling length of residence and years of
education in the United States. The primary goal of the present
study was to examine whether neural processing patterns of early
learned L2 words distinguish from late learned L2 words for
Chinese natives who learn English as a foreign language in China.
Both behavioral and EEG data were collected to examine the L2
AoA effect in the present study.

The technique of Event-related potentials (ERPs) has an
advantage in capturing at the millisecond level the neural
activities that respond to different experimental manipulations
(Yang et al., 2007). The different patterns of brain responses are
represented by polarities, latencies, amplitudes, and topography
of ERPs (Kutas and Federmeier, 2001). An examination of the
electrophysiological brain responses would reflect the lexical,
pre-lexical or post-lexical locus of an effect, as well as its
orthographic, phonological or semantic nature (Cuetos et al,
2009). Accordingly, if a variable like AoA produces activation at
a time window, it can be inferred that it corresponds to a certain
language process.

Neurocognitive research has detected AoA-related neuronal
changes in language processing. Learning an L2 after gaining
proficiency in L1 was found to modify brain structure in an AoA
dependent manner (Klein et al., 2014). To be specific, later onset
of L2 learning is associated with significantly thicker cortex in the
left inferior frontal gyrus (IFG) and thinner cortex in the right
IFG. A recent MRI study suggests that volumetric measures of the
right angular gyrus (AG) and right superior parietal lobule (SPL)
plus the cortical area of right SPL in the parietal lobe were reliably
sensitive to L2 AoA (Wei et al.,, 2015). Earlier second language
exposure was associated with larger volumes in the right parietal

cortex and the cortical area of the right SPL increased as AoA
decreased. On the other hand, the AoA-related difference in brain
substrates modulates functional neural activity in several aspects
of language processing such as grammar and semantic access
(Weber-Fox and Neville, 1996; Wartenburger et al., 2003). For
instance, an ERP study found differences between native speakers
and early L2 learners for syntactic processing (AoA between 1 and
3 years); in contrast, differences between monolinguals and L2
speakers were observed only in individuals who learned L2 after
the age of 11 for semantic processing (Weber-Fox and Neville,
1996). Differential recruitment of brain regions was associated
with grammatical processing especially for late L2 learners, and
neuronal activity was greater for irregular grammatical items than
regular items (Wartenburger et al., 2003).

Several approaches to the AoA effect have been proposed.
The phonological completeness hypothesis proposes that early
learned vs. late learned words are stored differently in the
speech output lexicon, with the former in a holistic way and
the latter in a fragmented way (Brown and Watson, 1987).
The Semantic Locus Hypothesis (Brysbaert et al., 2000; Belke
et al., 2005) claims that late learned words are incorporated
into the semantic representation already existing in the early
learned words. The speed and efficiency in semantic activation
are determined by the order of acquisition. Thus, early learned
concepts are more accessible than late learned concepts. However,
the semantic locus and phonological completeness accounts
do not predict L2 AoA effects on phonological, syntactic, and
semantic processing (for detail discussions see Hernandez and
Li, 2007). Another line of study revealed language processing was
differential across age groups and language groups, and this was
bounded in the sensorimotor system (Binder and Desai, 2011;
TIossifova and Marmolejo-Ramos, 2013; Xue et al., 2014, 2015;
D’Angiulli et al., 2015), thus attributing the AoA effect to the
neural and computational mechanisms underlying learning and
sensorimotor integration (Hernandez and Li, 2007).

Recently, the Arbitrary Mapping Hypothesis has been proposed
to account for the locus of the AoA effect (Zevin and Seidenberg,
2002; Chen et al,, 2007; You et al, 2009). This theory claims
the AoA effect reflects the arbitrary nature of the mapping
between input (e.g., orthography) and output (phonological
or semantic) representations formed during the development
of the lexical network (Belke et al., 2005; Chen et al., 2007).
The AoA effect will be increased if the mapping between
orthography and phonology / semantic representation (O-P/S)
is arbitrary or inconsistent. The AoA effects will be reduced
if the O-P/S mapping is consistent. Accordingly, the larger
AoA-effect yielded from picture naming than word naming
derives from the arbitrary mapping between concepts and
linguistic units in picture naming; whereas, word naming
involves a relatively regular mapping between orthographic
and phonological representations. In the same vein, consistent
O-P mappings (e.g., bake in the word family cake, flake, lake,
make, stake and take) should lead to smaller AoA effects (as
-ake is consistent in its spelling-sound correspondences in the
orthographic family). Results from computational modelling
(Ellis and Lambon Ralph, 2000) and substantial behavioral
evidence suggests that the AoA effect might arise because
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the lexical units, also called lemmas, are arbitrarily mapped
onto conceptual units (Belke et al, 2005; Chen et al., 2007).
For instance, there was a larger AoA effect for Chinese
characters from low-predictive families (in terms of predictability
from orthography to pronunciation) than from high-predictive
families in both word naming and semantic judgment tasks
(Chenetal., 2007). In a study using a semantic blocking paradigm
in which participants were required to name objects from the
same or from different semantic categories, semantic context
effects were found to be more pronounced for homogeneous
sets of late-acquired words than for homogenous sets of early-
acquired words (Belke et al., 2005). The interaction between
AoA and naming context was interpreted as arising from the
more powerful competitors of the early-acquired words during
lexical-semantic encoding.

Chinese and English belong to two language systems that are
distant from each other in terms of O-P mapping relationship.
English word reading largely relies on the grapheme-phoneme
correspondence rules (Coltheart et al., 2001; Lee et al., 2005).
Comparatively, in Chinese writing system, about 81% of Chinese
characters in modern Chinese consist of a semantic radical
(suggesting the meaning) and a phonetic component (indicating
the sound) (Li and Kang, 1993). Metalinguistic awareness of the
semantic and phonetic components has a facilitative effect on
Chinese character reading (Ku and Anderson, 2001). Thus, it is
interesting to ask how Chinese natives take advantage of English
O-P correspondence rules when they process words of different
AoAs. Specifically, the second goal of the present research
was to examine the Arbitrary Mapping Hypothesis (Zevin and
Seidenberg, 2002) on the present sample of Chinese native leaners
of English by exploring how the L2 AoA effect arose from
the mapping between orthographic, and phonological/semantic
representations.

To summarize, AoA seems to modulate behavior and neural
response during language processing (e.g., Bowers and Kennison,
2011; Wei et al., 2015). The AoA effect has at least three possible
loci: at the level of phonological access, at the semantic level,
or at multiple levels, as proposed by the arbitrary mapping
hypothesis (e.g., Belke et al., 2005; Chen et al., 2007; Cuetos et al.,
2009). The AoA effect been examined scarcely on Chinese native
learners of English. The present study examined the AoA effect
on Chinese natives who learn English as a foreign language in
China via classroom instruction. Two research questions were
addressed: whether early vs. late learned L2 words processing
elicited different behavioral and neuronal processing patterns; if
yes, we then asked how O-P mapping regularity modulated the
AoA effect during on-line word processing.

Previous studies in this field have usually adopted between-
groups designs (e.g., Bowers and Kennison, 2011; Klein et al,
2014; Montrul and Foote, 2014), in which the AoA effect is
easily confounded with some factors such as length of language
study, language proficiency, maturity, etc. In the present study,
the AoA and regularity was manipulated to examine how O-P
mapping rules influenced the AoA effects. The same group of
Chinese native learners of English were asked to make a semantic
relatedness judgment on English word pairs, which represented
three stages of word learning (i.e., three AoAs; for details see the

materials section). A 3 (AoA: early vs. intermediate vs. late) x 2
(regularity: regular vs. irregular) x 2 (semantic relatedness:
related vs. unrelated) x 2 (hemisphere: left vs. right) x 3 (brain
area: anterior vs. central vs. posterior) within-subjects design
was adopted. As far as we know, no studies have been carried
out on semantic priming tasks in which ERPs have been used
to investigate AoA effects. The present task was expected to
evoke print-to-meaning mapping to retrieve the lexical-semantic
encoding process, and thus would be a suitable task to examine
the possible mapping from conceptual knowledge onto linguistic
units, which was expected in the Arbitrary Mapping Hypothesis.

As reviewed above, previous accounts for the AoA effect have
attributed it to the organization of the semantic system or to the
way lemmas map onto the conceptual representation (e.g., Belke
et al., 2005; Chen et al., 2007; Cuetos et al., 2009). Accordingly,
one key ERP component relevant in the present study should
be the N400, which indexes a process of semantic composition
(Coch et al., 2013). Specifically, semantic unrelatedness or
incongruity elicits a negative-going ERP which peaks around
400 ms, known as the N400, following the onset of the anomalous
word, and the N400 amplitude is largest over central-parietal
electrode sites (Kutas and Hillyard, 1984). In priming tasks, the
repeated access to the same-shared representation usually elicit
the reduction in the N400. The attenuated N400s observed are
interpreted as a possible contribution of semantics (Feldman
etal., 2009; Kielar and Joanisse, 2011). The other ERP component
would be N100, reflecting attention allocation, working memory
operation (Zhang et al., 2013), early perceptual processes such
as feature integration and encoding, feature-mapping processes
of speech sounds, the automatic lexical classification of a word
and is relatively independent of the task (Spironelli and Angrilli,
2009) and a transitional processing stage between auditory
and abstract phonological representations. So it is termed as
“recognition potential.” The shorter latency of N100 usually
represents higher mental ability. N100 latency and smaller N100
amplitudes have been interpreted as deficits in word recognition
(Papageorgiou et al., 2009).

It was hypothesized that early acquired words should be more
accessible than late-acquired words in the semantic judgment
task. Therefore, early acquired words should cause larger N400
amplitudes. And regularity of the orthography-phonology (O-P)
should modulate the AoA effect. When the orthography-
phonology (O-P) is highly predictable, the AoA effect would be
reduced. In contrast, when the O-P mapping is unpredictable, the
AoA effect would be comparably much larger.

MATERIALS AND METHODS

Participants

The participants were 28 students (25 female; 3 male) from a
university in China. They were Chinese natives learning English
as a foreign language. The participants’ mean age ranged from
18 to 20 (M = 18.71, SD = 0.85). They studied English for
an average of 10.36 years (SD = 3.11). The mean AoA of L2
English was 8.36 (SD = 2.70). According to a 10-point self-
rating scale (1 = not proficient and 10 = highly proficient),
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their mean English proficiency was 6.36 (SD = 0.95), and
M =7.70, SD = 1.21 for Chinese. Their language proficiency was
indexed by the Gates Macginitie Reading Comprehension (Form
4, Level F), which had fourteen passages and 48 questions in
total with a full score of 48. The participants were asked to finish
this part within 30 min (Cronbach alpha = 0.87). The results
showed the participants had an average of 25.71, SD = 6.99,
maximum = 39, minimum = 13. All participants had normal
or corrected to normal vision. It is confirmed that all studies
conform to the relevant regulatory standards. The present study
protocol was approved by the Experiment Ethics Committee by
School of English, Beijing International Studies University. The
participants gave their informed consent to participate in this
study. They were compensated by money for their participation.

Materials
Early acquired words, intermediate acquired words and late
acquired words were, respectively, selected, respectively, from
the 3rd-year primary school, the 2nd-year junior school, and
the 2nd-year senior school English textbooks. The English
textbooks were published by People’s Education Press affiliated
by Ministry of Education in China. They were developed under
the national guidelines on English education. It was expected
the sampling would be representative of three major stages of
AoA in terms of word onset acquisition time. Thus, the potential
AoA effect was supposed to be generalized to the overall English
learning situation in China. The stimuli comprised 90 English
words, with 30 early AoA words (15 regular and 15 irregular
words), 30 intermediate AoA words (15 regular and 15 irregular
words), and 30 late AoA words (15 regular and 15 irregular
words) (see Appendix). Regularity was defined on whether the
pronunciation has a predictable orthography-to-phonology (O-
P) correspondence. A written English word was regular if the
pronunciation followed the O-P correspondence rules; and if the
pronunciation did not confirm to the rules, it was an irregular
word (Venezky, 1970). Two sets of semantic relatedness word
pairs (related vs. unrelated) were generated for the 90 words
(Table 1). For instance, for the semantic-related vs. unrelated
word pairs, i.e., pencil — pen vs. cup — pen, the target “pen”
would be the key word locked by ERP segments for data analysis.
Another 180 English word pairs were generated as fillers with
half of them being semantically related and the other half being
unrelated in order to make the experimental material more
variable and divert the participants’ attention from the targets.
These fillers were not included in the data analysis since they were
not controlled by variables like AoA, word length, frequency, etc.
Regular vs. irregular words across the three AoA groups were
matched on word frequency, F(1,88) = 1.04, p = 0.31, number
of letters, F(1,88) = 2.38, p = 0.13, and number of phonemes,
F(1,88) = 0.13, p = 0.72. The word frequency was based on
the Corpus of Contemporary American English (COCA'). Since
globalization enables Chinese natives have access to American
English, COCA could be deemed as a proper tool to present word
frequency data. Besides, the best of our knowledge there was no
suitable English word frequency corpus for the English textbooks

Thttp://corpus.byu.edu/coca/

TABLE 1 | Sample of the experiment materials.

AoA Regularity Targets Prime 1 Prime 2
Semantic related Semantic unrelated
Early Regular Pen Pencil Cup
Irregular Eye Ear Light
Intermediate  Regular Lake River Sock
Irregular Read Write Cheat
Late Regular Dust Ash Closet
Irregular Source Origin Feature

in China. ANOVA analysis also found the three AoA groups
were matched on frequency, F(2,87) = 1.28, p = 0.28. Two-tailed
t-tests indicated that frequency was controlled between regular
and irregular words across AoA groups. For early AoA, regular vs.
irregular, £(14) = 0.93, p = 0.36; for intermediate AoA, regular vs.
irregular, £(14) = 0.39, p = 0.69; for late AoA, regular vs. irregular,
£(14) = —0.98, p = 0.34.

Word length across the three AoA groups was between 3
and 7 letters. Despite thorough perusal of the textbooks, word
length was different across AoA groups [for early AoA, M = 3.93,
SD = 0.78; for intermediate AoA, M = 4.43, SD = 0.68; for late
AoA, M = 5.63, SD = 1.03; F(2,87) = 32.03, p < 0.001]. Post
hoc (Turkey HSD) revealed that early AoA words were matched
with intermediate AOA words on word length, p = 0.062. But
late AoA words groups differed from early and intermediate AoA
words in word length, ps < 0.001. Since it is well documented that
word length has an effect on the N400 component (Osterhout
et al., 2002), later interpretation of AoA effects would focus on
the differences between the early and intermediate AoA words.

To control spillover effects from the prime words to the
experimental words, which may contaminate the ERPs to the
target words, priming words across AoA groups were controlled
on word frequency, F(2,177) = 2.92, p = 0.06. Additionally, 15
participants who did not attend the ERP experiment evaluated
offline the level of semantic-relatedness across the three AoA
groups by 5-point Likert scale. The results showed the level of
semantic relatedness was controlled across AoA groups for both
semantic related and unrelated word pairs [For semantic related
word pairs, Mearly AoA = 4.04, SD = 0.43; Mintermediate AoA = 3.82,
SD = 0.62; Migte aoa = 3.84, SD = 0.56; F(2,87) = 1.40, p = 0.25.
For semantic unrelated word pairs, Mearly soa = 1.81, SD = 0.62;
MintermediaterA = 1.57, SD = 051, MlaterA = 166, SD = 053,
F(2,87) =1.83,p =0.17].

Additionally, the ratings confirmed the significant difference
in the level of semantic relatedness between semantic related
vs. unrelated word pairs (Table 2). Specifically, semantic related
word pairs were higher in the level of semantic relatedness
than semantic unrelated word pairs for the total word samples
[Memanticrelated = 390, SD = 0.55; Memantic unrelated = 1.66,
SD = 0.53; F(1,179) = 777.96, p < 0.001] and across the three
AoA groups [For early AoA, F(1,59) = 260.61, p < 0.001; For
intermediate AoA, F(1,59) = 238.57, p < 0.001; For late AoA,
F(1,59) = 296.17, p < 0.001]. ANOVA analysis with AoA (early
vs. intermediate vs. late) and semantic relatedness (related vs.
unrelated) as two within-subject factors showed a main effect
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TABLE 2 | The ANOVA results of matched factors for targets and primes.

Factors Early M (SD) Intermediate M (SD) Late M (SD) F p
Targets frequency 451677.13 (2039382.20) 49967.33 (125701.43) 11992.13 (10197.55) 1.28 0.28
Targets length 3.93(0.78) 4.43 (0.68) 5.63 (1.03) 32.03 0.001
Semantic-related 4.04 (0.43) 3.82 (0.62) 3.84 (0.56) 1.4 0.25
Semantic-unrelated 1.81(0.62) 1.57 (0.51) 1.66 (0.53) 1.83 0.17
Primes frequency 110437.28 (359272.10) 48310.97 (64377.83) 19232.80 (22432.20) 2.92 0.06
Sources

Semantic relatedness 895.22 0.001
AoA 2.67 0.07
Semantic relatedness * AcA 0.01 0.92

(1) For word length, Early AoA words = Intermediate AoA words, p = 0.062; (2) Semantic relatedness difference between semantic vs. unrelated word pairs found for the
total sample [F(1,179) = 777.96, p < 0.001], and across AoA groups [For early AoA, F(1,69) = 260.61, p < 0.001; For intermediate AoA, F(1,69) = 238.57, p < 0.001;

For late AoA, F(1,59) = 296.17, p < 0.001].

of semantic relatedness on semantic relation, F(2,58) = 895.22,
p < 0.001. But there was neither AoA effect [F(2,58) = 2.67,
p =0.07] nor interaction between AoA and semantic relatedness
[F(1,29) = 0.01, p = 0.92] on the level of semantic relatedness.

Procedure
Participants viewed 180 word pairs (Table 1 in Material
Section) and 180 pairs of fillers. The 360 word pairs were
presented in a pseudo-randomized order on the screen via the
E-Prime software. There were two versions of the materials
and the ordering of experimental word pairs and fillers was
pseudorandomized. The word pairs were run in two separate
sections. For each section, there were two blocks. During the
process, the participants were seated one meter away from the
computer screen. The room was sound-proof to establish a quiet
environment so that the participants could concentrate. The
experiment lasted for nearly 1 h with 3 breaks of 5-10 min each.
Participants were required to decide whether words presented
in pairs were related in meaning or not. After a prestimulus
interval of 300 ms, the first word (prime) was flashed for 500 ms
at fixation “4” followed by the second word (target) after an
interstimulus interval of 300 ms. The duration of the second
word presentation was also 500 ms. After the offset of the second
word, a blank screen appeared for 300 ms, followed by a question
mark “?” that served as a prompt for 2000 ms. When the prompt
appeared, participants were supposed to respond by pressing
either “1” or “2” (Figure 1). Participants gave their responses
by pressing one of two buttons with their left or right index
finger. Right and left hand response types were counterbalanced.
Each participant first completed 10 practice trials, consisting of
five semantic related and five semantic unrelated word pairs. All
practice stimuli were similar to the experimental items.

Data Collection

Continuous EEG was recorded from 64 active electrodes (Act-
iCap, Brain Products GmbH, Munich) at standard international
10-20 system, referenced to bilateral mastoids and grounded
to forehead. To control for vertical eye movements, a vertical
electro-oculogram (VEOG) was recorded from Ag/AgCI
electrodes placed closely above and below the left eye. Horizon

eye movements were measured by a horizon electro-oculogram
(HEGO) recorded from Ag/AgCI electrodes that placed at the
outer canthus of each eye. All impedances were kept below 20
Q during the experiment. EEG signals were bandpass filtered
between 0.016 and 100 Hz, and amplified and digitized at a
rate of 500 Hz using a BrainAmp amplifier (Brain Products
GmbH, Munich). All EEG data were collected using Brain Vision
Recorder (Brain Products GmbH, Munich).

Data Analysis

The EEG data were processed offline using Brain Vision Analyzer
2. They were re-referenced to the mean of the left and right
mastoids, and filtered with a 0.1 Hz high-pass filter to remove
drifts and a 30 Hz filter to eliminate line noise. The artifacts
caused by eye blinks, eye movements and muscular activity were
removed using independent component analysis (ICA) (Onton
and Makeig, 2006). ICA can blindly decompose multichannel
EEG data into independent components (ICs) reflecting brain-
generated EEG activities or irrelevant artifacts. Each IC has its
activity time course and a set of projections to the recording
electrodes as its scalp map. In this study, the artifact ICs were
removed on the basis of visual inspection. ERPs were computed
for 800 msec after the onset of the target word relative to a
200-msec prestimulus baseline.

Event-related potential waveforms were measured within
N400 time windows determined by visual inspection of
individual and group averages. Peak detection was performed
automatically, time-locked to the latency of the peak at the
electrode of maximal amplitude on the grand-average ERP. N100
and N400 were assessed by measuring the mean peak amplitude
(average of non-rejected epochs from 0 to 800 ms after the onset
of the target, calculated relative to a baseline from -200 to 0 ms)
of ERPs for each participant.

Repeated measures ANOVAs were performed with within-
subject factors of two levels of condition (C: correct, violation),
two levels of hemisphere (H: left, right), three levels of
word AoA (early, intermediate and late), and two levels of
regularity (regular, irregular), two levels of semantic relatedness
(related, unrelated) and three levels of anterior-posterior (frontal,
central, and parietal). The three levels of anterior-posterior
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FIGURE 1 | Experimental sequence.

500 ms

2000 ms

Y

lobes involved the following sites: the frontal sites (in both
left/right hemispheres: F1/F2, F3/F4, F5/F6, F7/F8), central sites
(in both left/right hemispheres: C1/C2, C3/C4, C5/C6, C7/C8)
and parietal sites (in both left/right hemispheres: P1/P2, P3/P4,
P5/P6, P7/P8).

Following omnibus ANOVAs, additional analyses were
performed in step-down fashion to isolate any significant
interactions, collapsing across factors with which an interaction
was not found. Reliable main effects and interactions were
followed by simple effect analysis when appropriate. Main effects
and interactions that involved AoA were reported, since AoA was
of most theoretical interest in the present study. For all analyses,
original degrees of freedom were reported. A Greenhouse-Geisser
correction for sphericity was applied to p values when more
than two levels of a factor were present (Greenhouse and
Geisser, 1959). Any main effects not reported below were all
non-significant (all ps > 0.05).

RESULTS

Behavioral Results

After excluding three participants whose accuracy rate was
lower than the below chance level (50%) and another one
participant due to equipment failure during ERP recording, there
were 24 effective participants. The participants had a relatively
high accuracy rate when making semantic judgments on earlier
learned words. The mean accuracy rate for early, intermediate,
and late AoA were 0.86 (SD = 0.10), 0.82 (SD = 0.09), and
0.77 (SD = 0.11), respectively. Repeated measures ANOVAs
were performed with AoA (early, intermediate, late), semantic
relatedness (related vs. unrelated), and regularity (regular vs.

irregular) as within-subject factors. The results revealed that there
was a main effect of AoA [F(2,46) = 25.52, p < 0.001] and a
marginal main effect of semantic relatedness [F(1,23) = 3.82,
p = 0.06], an interaction between AoA and semantic relatedness
[F(2,46) = 7.45, p = 0.003], and an interaction between semantic
and regularity [F(1,23) = 10.08, p = 0.004] (Figure 2A). Simple
effects analysis found AOA effects only in word related word pairs
[F(2,46) = 20.16, p < 0.001]. There was a three-way interaction
between AoA, semantic related and regularity [F(2,46) = 15.44,
p < 0.001]. Simple effects analysis found AOA effects in
semantic related words pairs for regular words [Mearly aoa = 0.88,
SD = 0.15, Mintermediate Aoa = 0.76, SD = 0.09, Mjate poop = 0.66,
SD = 0.14; F(2,46) = 28.78, p < 0.001] and for irregular
words [MearlonA = 0.83, SD = 0.14, Mintermediate AoA = 0.81,
SD = 0.11, Mieaopr = 0.75, SD = 0.15; F(2,46) = 5.03,
p = 0.01]. However, for semantic unrelated word pairs, AoA
effects were found for irregular words [Mearlyaoa = 0.88,
SD = 0.13, Mintermediate AoA = 0.82, SD = 0.19, Mate poa = 0.81,
SD = 0.20; F(2,46) = 6.50, p = 0.004], but not for regular words
[F(2,46) = 1.32, p = 0.28].

Repeated measures ANOVAs on the mean RTs were
performed with AoA (early, intermediate, late), semantic
relatedness (related vs. unrelated), and regularity (regular vs.
irregular) as within-subject factors. The results revealed that there
was a main effect of AoA [Mearlyaon = 329.26, SD = 121.83;
Mintermediate Ao = 350.14, SD = 126.52; Mjae poa = 363.33,
SD =137.06; F(2,46) = 6.81, p = 0.007], a main effect of semantic
relatedness [Melated = 334.60, SD = 23.02; Myprelated = 360.56,
SD = 29.06; F(1,23) = 6.41, p = 0.02] and a main effect of
regularity [Myeguiar = 337.58, SD = 26.44; Mirregular = 357.58,
SD = 25.66; F(1,23) = 5.54, p = 0.03] (Figure 2B). There was no
other effect. Further analysis on the main AoA effect revealed that
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FIGURE 2 | Semantic effects on (A) accuracy rates and (B) reaction times across different AoA.
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there was significant difference on reaction times between early
and intermediate [£(23) = —2.95, p = 0.007], and between early
and late AoA words [£(23) = —2.92, p = 0.008], but not between
intermediate and late AoA words [#(23) = —1.54, p = 0.14].
Figure 2 (a3 and b3) shows the semantic effects (measured by
semantic unrelated condition minus semantic related condition)
on accuracy and RTs across different AoA words.

ERPs Results

Grand-averaged ERPs time-locked to the onset of the target
were exemplified at electrode sites Fz, Cz, Pz across AoA groups
(Figure 3), and the waves represent the mean amplitudes evoked.
Visual inspection revealed there were negative-going waves in the
N100 (100-200 ms) and N400 (350-450 ms post-stimulus) time
windows. Semantic unrelated word pairs evoked more negative
going waves than the semantic related word pairs. Interestingly,
N400 amplitudes were more negative going for early acquired
words than those for late acquired words. Statistical analyses were

performed on the mean peak amplitudes in the N100 and N400
time windows. Mean peak voltage amplitudes for N100 were
detected within the time window of 80—150 ms, and N400 within
time window of 350-450 ms post-stimulus. The average N100
latency was 122.42, SD = 16.29 and N400 latency was 404.92,
SD = 74.99.

Analysis on N100 Amplitudes

In the analyses of the N100 time windows, repeated measures
ANOVAs were performed with within-subject factors of AoA
(early, intermediate, late), semantic relatedness (related vs.
unrelated), regularity (regular vs. irregular), hemisphere (left vs.
right) and anterior-posterior (frontal vs. central vs. parietal). The
results showed no main effects on AoA [F(2,46) = 1.17, p = 0.32],
or semantic relatedness [F(1,23) = 0.019, p = 0.89], or regularity
[F(1,23) = 191, p = 0.18], or hemisphere [F(1,23) = 0.65,
p = 043] but a main effect of lobe [F(2,46) = 65.48,
p=0.001].
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FIGURE 3 | Mean amplitudes in Fz, Cz, and Pz during processing words of different AoAs. The 350-450 ms post stimulus is signaled by the gray square.

There was a marginal three-way interaction between semantic
relatedness, hemisphere and lobe [F(2,46) = 3.22, p = 0.055].
There was a five-way interaction between AoA, semantic
relatedness, regularity, hemisphere and lobe [F(4,92) = 3.01,
p = 0.04]. Simple simple effects analysis revealed AoA effects on
irregular words in semantic unrelated condition at the left parietal
lobe [MearlonA = 2.85, SD = 2.22; Mintermediate AoA = 2.13,
SD = 247; Migeaopr = 1.53, SD = 2.90; F(2,46) = 5.74,
p = 0.006]. Multiple comparison showed irregular early AoA
words in semantic unrelated condition activated larger N100
amplitudes at the parietal lobe compared with intermediate AoA
words [£(23) = 1.97, p = 0.061] and compared with late AoA
words [t(23) = 3.65, p = 0.001], but intermediate AoA words did
not differ from late AoA words [#(23) = 1.37, p = 0.18].

Analysis on N400 Amplitudes

In the analyses of the N400 time windows, similar repeated
measures ANOVAs were performed. The results showed there
was a main effect of AoA [Mealypron = 025, SD = 0.21;
Mintermediate Aoa = 0.32, SD = 0.20; Miate aoa = 0.62, SD = 0.20;
F(2,46) = 4.01, p = 0.03], suggesting the early AoA words
induced more negative-going N400 than intermediate and
late AoA words. Multiple comparisons showed N400 was not
different between early and intermediate AoA [F(1,23) = 0.29,
p = 0.60], but the N400 was significantly different between early

vs.late AoA [F(1,23) = 8.39, p = 0.008] and between intermediate
vs. late AoA [F(1,23) = 4.33, p = 0.049]. There was a main
effect of hemisphere [F(1,23) = 7.25, p = 0.01] and a main
effect of lobe [F(2,46) = 22.09, p < 0.001], suggesting brain lobes
were involved in word processing in a different way. There was
a main effect of semantic relatedness [Mgemanticrelated = 0-93,
SD = 0.21; Mgemantic unrelated = —0.14, SD = 0.22; F(1,23) = 45.11,
p < 0.001], meaning the semantic unrelated word pairs evoked
more negative going waves than the semantic related word pairs.
ANOVA results confirmed the visual inspection of AoA and
semantic-relatedness priming effects.

There was a two-way interaction effect between regularity and
lobe [F(2,46) = 5.53, p = 0.022] and between AoA and regularity
[F(2,46) = 5.51, p = 0.009] (Figure 4A). Simple effect analysis
found regularity effects in the intermediate and late AoA words,
ps < 0.001, but not in the early AoA words, p = 0.75. And AoA
effects were more pronounced in irregular words [F(2,46) = 5.61,
p = 0.007] than regular words [F(2,46) = 3.41, p = 0.042].

There was a three-way interaction between regularity,
hemisphere and anterior-posterior [F(2,46) = 3.57, p = 0.04] and
a marginal three-way interaction between AoA, regularity and
lobe [F(4,92) = 2.89, p = 0.06] (Figure 4B). Simple effect analysis
found AoA effects for regular words in the frontal (p = 0.029) and
central sites (p = 0.012), and for irregular words in the frontal
(p = 0.007) and central sites (p = 0.025).
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There was a four-way interaction between AoA, semantic
relatedness, regularity and hemisphere, F(2,46) = 4.32, p = 0.022.
Simple effect analysis showed AoA effects in the semantic
unrelated condition at the left hemisphere for regular words
[F(2,46) = 4.65, p = 0.01] and irregular words [F(2,46) = 3.11,
p = 0.054], and at the right hemisphere for regular words
[F(2,46) = 3.10, p = 0.055]. For the semantic related condition,
AoA effects were found in the irregular word pairs at the right
hemisphere [F(2,46) = 4.36, p = 0.02].

GENERAL DISCUSSION

The primary concern of the present study was to understand
how Chinese native speakers processed early- vs. late-learned L2
English words. The target words in the experiment were selected,
respectively, from required textbooks of primary, junior and
senior high schools, generally representing the actual language
input situation in the foreign language context in China. The AoA
effect was found for this sample of Chinese-English bilinguals
during L2 word processing. Accuracy for later acquired words
processing was lower, and RT was longer (Figure 2 al-2/bl-
2). These results were generally in line with previous findings
(Brysbaert et al., 2000; Zevin and Seidenberg, 2002; Steyvers and
Tenenbaum, 2005; Bowers and Kennison, 2011; Stolten et al,,
2013). ERP data provided further evidence for the existence of
the AoA effect, reflected in larger N100 and more negative N400
for early AoA words compared to later AoAs. Since N100 is
“recognition potential,” larger N100 for early AoA words suggests
more efficiency in word recognition (Papageorgiou et al., 2009).
The results speak for advantages of learning a second language
at an earlier age for the present sample of Chinese natives who
learned English as a foreign language.

AoA Effects more Pronounced for
Semantic Related Conditions and for
Irregular Word Pairs

One important finding was the interaction effect between AoA
and semantic relatedness. In the present study, early AoA words
have higher accuracy and shorter RT. The AoA effect was
significant only for semantic related word pairs in terms of
accuracy rates. Since the semantic-relatedness judgment involves
encoding semantic representations and orthography-semantic
mapping, the result suggests that the AoA effect involves

semantic processing, and that the AoA determines the speed with
which the semantic representations of concepts can be activated.
The results seem to support the Semantic Locus Hypothesis
that the concepts of late acquired words are constructed on
the basis of the concept of early acquired words so that early
acquired concepts are more accessible than late acquired concepts
(Brysbaert et al., 2000; Belke et al., 2005). This theory explains
the larger AoA effect for the picture-naming task (involving
Semantic-Phonology mapping) than reading aloud the printed
names of the same objects, and no AoA effect in a word-
naming task (involved Orthography-Phonology mapping) (Belke
et al., 2005). The results did not contradict the prediction by
the Arbitrary Mapping hypothesis, which involves the mapping
between orthographic and semantic representations. The AoA
effect found only in the semantic related conditions suggests the
AoA effect arises from the selection from the set of conceptually
similar candidates as in the semantic-related word pairs. The
main AoA effect on the mean N400 amplitudes further supports
the argument that the locus of the AoA effect should derive
from semantic representations. It is extensively accepted that
the N400 is a negative-going potential between 300 and 500 ms
that has been closely linked to the semantic processing (Kutas
and Federmeier, 2001). Similarly, in Cuetos et al. (2009)’s study,
participants read words of late and early AoA, and late AoA
produced more negative amplitudes than early AoA at the late
stage of about 400-610 ms window. The authors suggest that AoA
influences processing at a semantic level or at the links between
semantics and phonology.

Different Patterns of Regularity Effects
for the Three Groups of AoA Words

As to the second research question of how the O-P mapping
rules are related with the AoA effect. The present results reveal
different patterns of regularity effects for the three groups of
AoA words. For early AoA words, irregular words were more
difficult to process than regular words, as was reflected in the
more negative-going N400 during processing irregular words;
comparatively, irregular words were easier to process than regular
words for intermediate and late AoA words (Figure 4). There
was a tendency of a linear relationship between words AoAs and
N400 for the irregular words. Specifically, irregular words of early
AoAs activated more negative N400s than words of intermediate
and late AoAs (Figure 4A). But the pattern was not applicable to
regular words processing.
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For one thing, the apparent AoA effect for irregular words
suggests the AoA effect is more pronounced in words that
involve arbitrary matching between orthography, phonology
and semantic representations. This can be explained by the
Arbitrary Mapping Hypothesis. According to the hypothesis, the
AoA effect reflects the arbitrary nature of the mapping between
input (e.g., orthography) and output (phonological or semantic)
representations during the development of the lexical network.
When the mapping between input and output is inconsistent, or
arbitrary, AoA effects will be increased. In line with the Arbitrary
Mapping Hypothesis, the mapping between the input and output
in irregular words is unpredictable and arbitrary. This determines
the size of the AoA effects for irregular words is pronounced than
that in regular words. Irregular words could take less advantage
of the shaped brain pattern than regular words. Thus, the present
findings attributes the AoA effect to the arbitrary organization of
the input-output mapping system.

For another thing, from the perspective of N400 amplitudes,
the present study found a significant regularity effect for
intermediate and late AoA words but not for early AoA words
(see the ANOVA results). The regularity effect became slackened
when AoA increased (Figure 4). The contrasting N400 patterns
between regular and irregular words are likely to be rooted in the
way of new word acquisition process. During the early period
of word learning, the O-P mapping rules are on the way of
establishing, and access to the regular words should be more
energy consuming due to less efficiency in computing the O-P
mapping rules. When the O-P rules are consolidated in the high
school, access to the regular words should be easier, leading to
less N400 effects during word processing. In this stage, for late

AoA words processing, the direct mapping from orthographic
inputs to their phonological representations did not appear to be
a more efficient pathway for semantic judgment, as implicated
in significantly longer reaction time. The O-P pathway with
yet longer reaction time might suggest declined efficiency of
the connections within the reading network for irregular/late
acquired words. Rather than recourse to the O-P representations,
the late AoA words tend to link the orthographic inputs directly
to semantic processing. The shift in the selection of O-P mapping
regularity rules might reflect neurocognitive changes during
processing different AoA words. This process is similar to the
findings in neuro-cognitive studies, which attribute the age effect
to the changes in the plasticity of cognitive neural system (Ellis
and Lambon Ralph, 2000). According to the cognitive plasticity
account, the cognitive system has greater plasticity in learning
early acquired-words, whereas learning later-acquired words
is constrained by previous learning and should be modulated
around existing representations (Belke et al., 2005; Chen et al,,
2007; Hernandez and Li, 2007).

Neural Representation for Different AocA

Words

A related finding in the present study was that the earlier AoA
word processing activated more negative going N400s, which
were accompanied with the faster RTs. The neural evidence
further supports the Arbitrary Mapping Hypothesis (Ellis and
Lambon Ralph, 2000) because the AoA effect was observed at the
typical time window of N400 (i.e., 350-450 ms post-stimulus),
indicating that AoA influenced processing at a semantic level
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(Brysbaert et al., 2000). The more negative going N400 for the
words of earlier AoAs could be interpreted as more extended
connections in between the semantic representations. This is
also supported from the simulating organization structure of
semantic networks in the mathematical model proposed by
Steyvers and Tenenbaum (2005). According to that model, the
order of meaning acquisition determines the connection strength
of Nodes in the semantic network. The new concept Nodes in
the semantic network would associate with the early acquired
concept. The more connection means easier semantic access.
The concept Node which had more connection was easy to
be connected. Surprisingly, in the sematic related condition, a
smallest N400 was elicited in the central and posterior only
for early regular AoA words relative to intermediate and late
AoA words (Figure 5). We tentatively argue that early acquired
regular words in the semantic relatedness condition involve less
semantic processing, or alternatively lexicons of early regular
words have stronger connections with semantics representations.
Accordingly, early acquired regular words benefit less from
semantic priming in the semantic-related condition. Similar
evidence also comes from less involvement of left IFG (or
semantic processing) for regular syntactic processing compared
with irregular syntactic processing (e.g., Desai et al, 2006;
Hernandez et al., 2007).

Previous research has found activation in the precuneus area
in response to early acquired words (Fiebach et al., 2003). Neural
imaging studies (Hernandez and Fiebach, 2006; Cuetos et al,
2009) compared early AoA and a baseline, and found bilateral
activation at the precuneus, as well as the inferior parietal lobe,
the frontal lobe, the frontal inferior gyrus (in the posterior
superior area) and the premotor cortex. Bilateral frontal medial
lobe, the left precentral gyrus and the insula were activated during
processing late acquired words. In the present study, AoA effects
for regular and irregular words were found in the frontal and
central sites. Therefore, the most relevant results, using different
tasks, seem to indicate that the AoA effect is associated with the
system of distributed knowledge (Hernandez and Fiebach, 2006).

In sum, during semantic processing, earlier acquired words
are easier and quicker to process, suggesting an advantage of
early learning on word processing. The AoA effect is more
likely to appear in semantic related word pairs and in irregular
words, suggesting the locus of the AoA effect to the arbitrary
mapping between word forms and conceptual representations.
The regularity of orthography-phonology mapping rules is
differentially associated with words AoAs, which reflects different
processing strategies in word acquisition. The differential
processing strategies implicate neurocognitive changes in word
acquisition in different stages of word acquisition. Last, neuronal
evidence also supports the involvement of semantics in the
AoA effect with early learned words having more semantic
connections than the late acquired words.

CONCLUSION

As far as we know, this is the first research conducted
using the ERP paradigm to measure the AoA effect on

L2 English word processing for Chinese natives who learn
English as a foreign language in China. The present study
found the age of word acquisition played an important
role in L2 word acquisition for Chinese native learners
of English. This was reflected in the difference in word
processing accuracy, speed and neural representation between
early, intermediate and late AoA words. Regularity of the
orthography-phonology-semantic mapping contributed to the
AoA effect during word processing. The findings suggest the
AoA effect seems to arise from the arbitrary mapping between
conceptual knowledge onto linguistic units (orthography and
phonology) (Belke et al., 2005). Earlier acquired words have
more semantic connections which facilitate word processing.
The differential AoA effect for regular vs. irregular words
might be subjected to different neurocognitive processing
strategies.

The present study has some limitations nonetheless.
First, the selection of early, intermediate vs. late acquired
words followed a general demarcation based on authoritative
mandated textbooks for the three stages of word learning.
It still cannot provide a complete picture of words AoA
for learners. Second, even though some variables such as
word frequency, number of letters were controlled, some
variables such as imageability and concreteness might have
some influence on the results. For instance, the present study
did not balance the language features such as concreteness
across AoA groups. Even though earlier stage of language
learning in reality is characterized by the concrete words,
the concreteness of words could be a factor confounding the
N400 effect. Future studies on the AoA effect should take into
consideration the language features such as concreteness of
words, parts of speech and so on, to see how these features
modulate the AoA effect during word learning. Despite
the limitations, the present study may shed light on the
locus of the AoA effects the neuronal-cognitive mechanism
underlying the AoA effects for second language learners.
A strong implication of these findings is that for Chinese-
English bilinguals, second language words processing might
be relatively fast and successful when they are acquired at
an early stage. The findings were supposed to reflect the
AoA effect on behavioral and neuronal representation for
the sample of Chinese natives who learn English as a foreign
language.
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APPENDIX

Early AoA words

Regular: pen, three, red, man, and, cat, cake, white, boy, long, peach, nice, green, nine, deer. Irregular: eye, pink, chick, apple, bear,
head, too, water, four, real, ball, tea, mouth, ear, foot.

Intermediate AoA words
Regular: bell, bench, bake, feed, lake, brave, rich, milk, river, kill, cost, voice, time, tree, boat. Irregular: fear, seat, autumn, laugh, read,
clever, most, allow, alien, extra, area, angry, copy, meter, cow.

Late AoA words

Regular: solid, shade, victory, paint, dust, insist, recite, fortune, candy, quote, predict, bite, employ, mark, chat. Irregular: harmony,
editor, glimpse, elect, source, poem, wound, arrival, basis, require, false, ignore, supply, sample, advise.
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