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A B S T R A C T   

Using eye-tracking, this study examined the role of semantic transparency in L2 learners’ inci-
dental learning of compounds from reading and how real-time processing of novel compounds 
contributes to vocabulary gains. L2 Chinese speakers encountered 12 novel compounds embedded 
in stories, each occurring six times. Their knowledge of the compounds was tested immediately 
after the reading task. Results confirmed the advantage of transparent compounds over opaque 
compounds (in terms of form recognition and meaning recall), as well as the positive association 
between reading time summed across exposures and vocabulary gains (in terms of form and 
meaning recognition, regardless of semantic transparency). Our findings add to the literature on 
incidental vocabulary learning in that semantic transparency was found to moderate the acqui-
sition order of different aspects of vocabulary knowledge, which highlights the importance of 
lexical characteristics for future research.   

1. Introduction 

Vocabulary plays an important role in the development of L2 skills. In recent years, it has been widely acknowledged that incidental 
vocabulary learning, especially via reading, is an important and necessary supplement to classroom instruction and promotes the 
growth of L2 vocabulary (Schmitt, 2008). Research interests in incidental L2 vocabulary learning from reading have been steadily 
growing during the past two decades (e.g., Chen & Truscott, 2010; Elgort, Brysbaert, Stevens, & Van Assche, 2018; Elgort & Warren, 
2014; Godfroid, Boers, & Housen, 2013; Godfroid et al., 2018; Mohamed, 2018; Pellicer-Sánchez, 2016; Pellicer-Sanchez & Schmitt, 
2010; Pigada & Schmitt, 2006; Tekmen & Daloǧlu, 2006; Waring & Takaki, 2003; Webb, 2007; Webb & Chang, 2015; Yi, 2022; Zahar, 
Cobb, & Spada, 2001). Vocabulary learning is an incremental process (Barclay & Schmitt, 2019; Fukkink, Blok & de Glopper, 2001), 
and L2 learners often need to encounter novel words multiple times before the words can be fully acquired. Consequently, it is un-
surprising to see that most studies on incidental vocabulary learning from reading have involved repeated exposures to novel lexical 
items. However, current literature on this topic is limited in that very few studies have looked into how lexical character-
istics—especially semantic transparency—affect incidental acquisition of words. Furthermore, most studies have focused on the 
product of incidental vocabulary acquisition, leaving largely unknown whether real-time processing of novel lexical items is linked to 
vocabulary learning outcomes. To bridge these gaps, the present study used eye-tracking to investigate: a) whether semantic trans-
parency impacts incidental vocabulary learning through reading; and b) whether attentional processing of compounds—quantified by 
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eye-tracking measures—predicts L2 learners’ incidental learning of such lexical items. 

2. Literature review 

2.1. Incidental L2 vocabulary learning from reading 

Vocabulary knowledge is crucial for L2 development (Hulstijn, 2015). Nation (2006) estimated that L2 learners of English need to 
have a vocabulary as large as 6000 to 7000 word families for listening, and 8000 to 9000 word families for reading. Learning such a 
large number of lexical items is definitely a daunting challenge. According to a survey by Laufer (2000, as cited in Schmitt, 2008), even 
after receiving 1800–2400 h of classroom instruction, English major students in China on average achieved a vocabulary size of only 
4000 word families. Intentional vocabulary learning, delivered for example through classroom instruction, is generally regarded as 
being more effective than incidental vocabulary acquisition (Schmitt, 2008). However, given the limits of formal instruction in terms 
of time and resources, it is almost impossible for L2 learners to acquire a vocabulary as large as that estimated to be necessary by Nation 
(2006) via instruction alone. According to Nagy, Anderson, and Herman (1987), L1 English primary school students come across as 
many as 16,000–24,000 new vocabulary items per year, of which one third are unfamiliar words encountered incidentally during 
reading (Nagy & Anderson, 1984). Following this, incidental learning of words, especially via reading, has been widely accepted as an 
essential supplement to intentional, classroom-based vocabulary acquisition (Schmitt, 2008). 

Incidental L2 vocabulary learning from reading is conceptualized as a process in which L2 learners are attending to the meaning of 
reading materials, with vocabulary knowledge being gained as a by-product (Hulstijn, 2003). Under a reading-for-meaning condition, 
L2 learners often need to encounter a novel word multiple times before it is fully acquired. A recent meta-analysis by Uchihara, Webb, 
and Yanagisawa (2019) confirmed the positive impact of repeated exposures on incidental vocabulary learning through 
meaning-focused activities (including but not limited to reading). After synthesizing 26 empirical studies that investigated incidental 
vocabulary learning through different input modes (i.e., reading, listening, reading while listening, and viewing), Uchihara and 
colleagues concluded that frequency of exposure had a medium non-linear effect (r = .34) on incidental vocabulary learning. 
Moreover, repeated exposures turned out to be more important for incidental vocabulary learning through reading (r = .41), compared 
with that through listening (r = .39) or viewing (r = .22). 

The benefit of repeated exposures for incidental vocabulary learning has been demonstrated by many L2 studies. For instance, 
Pellicer-Sanchez and Schmitt (2010) carried out a study in which proficient Spanish learners of English were exposed to 34 words from 
an African language embedded in an unmodified English novel. After more than 10 exposures, 84% and 76% of the target words were 
recognized for meaning and spelling respectively, whereas meaning and word class were recalled at 55% and 63% respectively. Waring 
and Takaki (2003) found that after being exposed to target pseudowords in an English graded reader 15 to 18 times, Japanese EFL 
learners acquired 61%, 42%, and 18% of the target items in terms of form recognition, meaning recognition, and meaning production 
(translation), respectively. In another cross-sectional study, Rott (1999) selected 12 German words and embedded them in six pas-
sages. After encountering the target words six times, English learners of German successfully recognized 61% of the word definitions. 
Meanwhile, they could correctly translate 45% of the target words. As can be seen clearly, the above-mentioned studies vary sub-
stantially in the choice of stimuli (i.e., real L2 words vs. pseudowords vs. non-target-language words), the aspect of vocabulary 
knowledge (e.g., form vs. meaning, recognition vs. production), and the number of exposures, which may partially explain the 
variation in the reported vocabulary gains. 

2.2. Semantic transparency and vocabulary acquisition 

Words can be monomorphemic or multimorphemic—differing in terms of the number of morphemes that make up a lexical item. 
Studies have found that morphologically complex words are represented and processed differently from monomorphemic words (e.g., 
Zhou & Marslen-Wilson, 2000). For languages such as English, morphologically complex words are created mainly through inflection 
(e.g., walk-walks-walked) and derivation (e.g., happy-happiness-happily-unhappy). However, this is not the case for all languages. Chi-
nese, for example, is morphologically poor and relies heavily on compounding to generate words. More than 70% of words in Chinese 
are compounds (Institute of Language Teaching and Research, 1986). Compounds consist of multiple morphemes, and the semantic 
relationship between the morphemes and the compound (i.e., the semantic transparency), varies. For semantically transparent 
compounds (e.g., blueberry), the meaning of the compound can be predicted by the meaning of its constituent morphemes. By contrast, 
for semantically opaque compounds, the meaning of the compound cannot (e.g., bighorn) or can only partially (e.g., strawberry) be 
deduced from its constituents (Libben, 1998). 

Semantic transparency is a crucial factor to consider when the representation of compounds in the mind is examined. According to 
Libben (1998), semantically fully transparent compounds are represented through decomposed morphemes, whereas semantically 
fully opaque compounds are stored as full forms, similar to monomorphemic words. Transparent and opaque compounds differ in the 
degree of transparency in the semantic relationship between constituent morphemes and the compound. Therefore, it is likely that 
transparent compounds may be easier to acquire than opaque compounds, because learners can compute the meaning of the compound 
from its constituent morphemes (Mok, 2009). Although little research has investigated the influence of semantic transparency on 
vocabulary acquisition, results in the few studies to date are consistent. Chen (2020) reported that L2 learners of Chinese performed 
better when recalling transparent compounds than opaque compounds, after explicitly learning these lexical items without any 
contextual support. Brusnighan and Folk (2012) examined the incidental learning of novel compounds by native speakers of English. 
They found that participants were able to derive word meanings for both transparent and opaque compounds after a single exposure 
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from reading sentences. Moreover, meaning recognition for novel transparent compounds (91%) was significantly better than novel 
opaque compounds (66%), regardless of whether the context was informative or not. 

2.3. Capturing attentional processing with eye-tracking for prediction of vocabulary gains 

Although interest in incidental L2 vocabulary learning from reading has been steadily growing in recent years, studies examining 
the relationship between online processing and incidental acquisition of L2 words, especially from the perspective of attention, are still 
lacking. Attention is necessary for second language acquisition (Schmidt, 1995, 2010). Attention is also generally regarded as a 
cognitive resource that can be allocated, quantified and modeled (e.g., Man & Harring, 2019, 2021). Broadly speaking, attention can 
be divided into two categories—overt and covert (Carrasco, 2011). Overt attention is accompanied with eye movements, whereas 
covert attention can be deployed without directing one’s gaze toward the target of interest. According to the E-Z Reader model 
(Reichle, Pollatsek, & Rayner, 2006), overt attention—indexed by eye movements—is assumed to be allocated sequentially during 
reading, processing one word at a time. Consequently, by recording the eye movements during reading, attentional processing of 
lexical items can be largely captured by eye-tracking measures. Recently, a small group of studies (e.g., Godfroid et al., 2018, 2013; 
Mohamed, 2018; Pellicer-Sánchez, 2016) have found that attentional processing of novel lexical items—measured by various 
eye-tracking measures—is positively associated with incidental vocabulary gains from reading. Godfroid et al. (2013) had advanced 
learners of English read short passages that contained pseudowords while their eye movements were recorded. They found that 
participants who spent more total reading time on the pseudowords were more likely to recognize them in a gap-filling test admin-
istered immediately after the reading session. Following a design similar to that of Godfroid et al. (2013), Pellicer-Sánchez (2016) also 
reported a positive relationship between total reading time spent on target pseudowords and immediate vocabulary recall test scores. 
In Mohamed (2018), advanced L2 learners of English were exposed to 20 target pseudowords embedded in a graded reader. He found 
that total reading time spent on the pseudowords had greater effects than number of exposures on all kinds of vocabulary knowledge 
tests (i.e., form recognition, meaning recall, and meaning recognition). Additionally, first fixation duration and gaze duration were 
found to predict form recognition and meaning recall, respectively. Godfroid and colleagues (Godfroid et al., 2018) also carried out a 
study in which they examined L2 English learners’ processing of unfamiliar Dari words embedded in an authentic English novel. 
Similar to Mohamed (2018), they found total reading time contributed to meaning recognition and meaning recall of target words, 
independently from effects of exposure frequency. Lastly, Elgort et al. (2018) used eye-tracking to examine Dutch-speaking L2 
learners’ acquisition of low-frequency English words from reading. By comparing the reading time of novel low-frequency words 
against those of familiar high-frequency words in semantically neutral contexts, they found that first fixation duration of novel and 
familiar words decreased over exposures, thus supporting the establishment of orthographic representation of novel lexical items. 

3. The current study 

The literature to date on incidental L2 vocabulary learning from reading is limited in the following ways. First, little research has 
investigated how semantic transparency impacts L2 learners’ incidental learning of compounds. Second, evidence supporting the 
association between real-time processing of novel words and incidental vocabulary gains is still scarce. To bridge these gaps, the 
present study examined Chinese-as-a-second language learners’ incidental acquisition of semantically transparent and opaque com-
pounds while they were engaged in silent reading. To facilitate causal inferencing, part of speech, concreteness, lexical and sublexical 
(i.e., Chinese character) frequencies, lexical and sublexical (i.e., Chinese character) familiarity, as well as orthographic complexity (i. 
e., number of strokes) and prior knowledge, were controlled (see Table 1 under Stimuli). A repeated-measures design was adopted, in 
which learners were exposed to 12 target compound words embedded in 12 short stories written by the first author distributed on two 
consecutive days, with each target word occurring six total times across the stories. The decision to allow six exposures for each target 
word was based on the following concerns. First, previous studies (e.g., Rott, 1999) suggest that measurable vocabulary gains can be 
achieved after six exposures to novel L2 words. Second, with six exposures, experimental control for contextual confounds (especially 
the distribution of target words) was made possible (see Stimuli). To ensure strong ecological validity, L2 real words—instead of 
pseudowords—were used. Following the practice of Godfroid et al. (2018), Mohamed (2018), and Pellicer-Sánchez (2016), summed 

Table 1 
Characteristics of target Chinese compounds.  

Characteristics Transparent Opaque 

Word familiarity 1.00 (0.46) 0.60 (0.25) 
Word frequency 1.85 (0.10) 1.50 (0.45) 
Word strokes 15.50* (3.45) 10.83* (1.60) 
First-character familiarity 1.97 (0.27) 2.25 (0.34) 
First-character frequency 2.49 (0.30) 2.93 (0.37) 
First-character strokes 9.17* (1.72) 6.00* (1.90) 
Second-character familiarity 2.17 (0.30) 2.39 (0.17) 
Second-character frequency 2.47 (0.48) 2.88 (0.29) 
Second-character strokes 6.33 (2.66) 4.83 (0.75) 

Note. Standard deviations are provided in the parentheses following the means. The asterisk * indicates 
significant differences between semantically transparent and opaque compounds. 
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total reading time (summedTRT) was calculated by summing total reading time across the six exposures, and was used to predict 
learners’ vocabulary gains. To tap into the multifaceted nature of vocabulary knowledge, a form recognition test, a meaning recall test, 
and a meaning recognition test were administered immediately after the final reading session. Specifically, the current study sought to 
address the following research questions (RQs): 

RQ1. After encountering novel L2 compounds six times, how much vocabulary knowledge can be acquired incidentally from 
reading? 
RQ2. Do semantically transparent and opaque compounds differ significantly in terms of the amount of vocabulary knowledge 
acquired incidentally from reading? 
RQ3. Is attentional processing of novel compounds, quantified by summedTRT, predictive of the amount of vocabulary knowledge 
acquired by L2 learners? 

4. Methodology 

4.1. Participants 

Sixty-one college students (43 females) were recruited from several universities in Beijing, China. To participate in this study, they 
had to be enrolled in intermediate-level Chinese-as-a-second-language classes. Additionally, their scores in a self-reported commu-
nicative language ability survey had to be between 36 and 72 (see Experimental tasks). To ensure that participants had no experience 
with Chinese characters other than that from learning Chinese as a second language, heritage speakers of all varieties of Chinese, as 
well as L2 Chinese learners who were speakers of Korean, Japanese, or Vietnamese as their first or second languages, were excluded. 
The participants’ average age was 22.1 years (SD = 2.9). On average, they received 3.2 years of formal instruction of Chinese (SD =
3.1). Based on a six-point Likert scale (1 → 6: never → very frequently), their average self-reported frequency of interaction with 
Chinese native speakers was 4.4 (SD = 1.1), and their average self-reported use of Chinese when interacting with Chinese native 
speakers was 4.8 (SD = 1.1). All participants had normal or corrected-to-normal vision. 

4.2. Stimuli 

Target compounds were selected and used as stimuli based on the following procedure. To begin, a frequency-ranked word list 
containing 4354 disyllabic Chinese nouns was downloaded from the CNCORPUS website (Jin, Xiao, & Fu, 2005). To ensure that 
intermediate-level L2 Chinese participants would not know the target lexical items, words in the list with a frequency ranking below 
5000 were excluded. Additionally, to ensure that learners would be familiar with the characters that constituted each target word, 
words consisting of individual Chinese characters with a frequency ranking beyond 1500 were not considered either. Following this, 
387 nouns were kept in the list and subjected to a norming study in which their semantic concreteness and transparency were 
evaluated. Fifteen native Chinese speakers were randomly assigned to one of three lists, each containing 129 nouns. They were 
instructed to decide whether each word’s referent was concrete or abstract based on whether the concept described by the word can be 
perceived via one of the five senses (i.e., sight, smell, hearing, taste, and touch). Candidate words perceived as concrete by no less than 
80% of the raters were kept. With respect to semantic transparency, raters were instructed to evaluate the semantic compositionality of 
each target noun (Libben, 1998). Specifically, a constituent character/morpheme’s meaning is considered transparent in a compound 
where it directly contributes to the meaning of the whole word (e.g., you-deng, oil-lamp, oil lamp). By contrast, a constituent char-
acter/morpheme’s meaning is considered opaque in a compound where it has no direct relation to the meaning of the whole word (e.g., 
shui-mu, water-mother, jellyfish). For the sake of this study, only semantically fully transparent (i.e., both characters/morphemes 
relate to the meaning of the compound word) and fully opaque compounds (i.e., neither character/morpheme relates to the meaning of 
the compound word) were chosen. Subsequently, an online Qualtrics survey was delivered to eight intermediate-level Chinese-as-L2 
learners, in which they were required to rate their degree of familiarity with the candidate compounds as well as the constituent 
characters, based on a four-point Likert scale (1: I have never seen this word before; 2: I have seen this word before; 3: I know the meaning of 
this word; 4: I am familiar with this word). Candidate compounds with an average familiarity rating higher than 1.5 were not kept. To 
make sure that participants would have a minimum amount of knowledge of the constituent characters/morphemes, those consisting 
of characters with an average familiarity rating of less than 1.5 were also removed. Following this, six semantically transparent 
compounds and six semantically opaque compounds were selected (see Appendix A in the supporting information online). 
Non-parametric Wilcoxon rank-sum tests showed that semantically transparent and opaque compounds were matched on various 
lexical and sub-lexical characteristics (Table 1), except for word strokes (W = 1.5, p = .01) and first-character strokes (W = 3.5, p =
.02). 

Given that it would be extremely difficult to embed all the target compounds in a single readable story, the twelve compounds were 
split into two groups (abbreviated as G) based on random assignment, but each containing three transparent compounds and three 
opaque compounds. For each group of compounds, a story was created. In order to control for the length of the stories, each story was 
designed to comprise 20 sentences. Target compounds were not embedded in the first or last sentence within each story. To control for 
the spacing of the target compounds, the remaining 18 sentences were divided into six blocks, each containing three consecutive 
sentences, and each block containing one compound randomly selected from the six candidates embedded. Within each block, the 
sentential location of the target compounds was also counterbalanced, so that the chance for a compound to appear in the first/second/ 
third sentence was equal. Such a practice was repeated six times so as to generate six sets (abbreviated as S) of stories (i.e., S1G1-S6G2), 
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allowing each target compound to occur six times (once in each story). 
All stories were created by the first author following a narrative style of writing, on topics easily accessible to the participants (e.g., 

S1G1-Our physics teacher, S1G2-Xiaoming’s grandfather). The stories were created following the pre-specified sentential locations for 
the target compounds (see Appendix B in the supporting information online). The target compounds did not appear in the initial or 
final position of the sentences. In addition, grammatical structures and words that might be unfamiliar to intermediate-level L2 
learners of Chinese were avoided. All the stories were proofread by four native speakers of Chinese. Each story was rated in terms of 
readability by four native Chinese speakers based on a ten-point Likert scale (1 → 10: least readable→ most readable), with revisions 
made where necessary. On average, the stories achieved a high readability rating (M = 8.0, SD = 0.6). 

The stories (see Appendix C in the supporting information online) were then tokenized (i.e., split into words) using Wordless (Ye, 
2019). Overall, these stories consisted of 3600 characters, 2600 word tokens, and 700 word types. On average, each story contained 
210 words (SD = 10) and 300 characters (SD = 4), with lexical coverage rates (i.e., 1- number of target compounds/total number of 
word tokens) ranging from 97.1% to 97.4%. Text characteristics of the stories are presented in Table 2. 

For each story, four comprehension questions were created. Each comprehension question consisted of a statement, and partici-
pants had to judge whether each statement was correct based on their understanding of the stories. Comprehension questions did not 
include or address the target compounds. Three L2 speakers of Chinese at intermediate levels were recruited to pilot the compre-
hension questions, and revisions were made based on their responses. To estimate the contextual predictability of the target com-
pounds in each sentence, a cloze test was also administered, with the target compounds replaced by blanks. Given that Chinese L2 
participants in this experiment were supposed to have no knowledge of the target words, 10 native speakers of Chinese were recruited 
to fill in the blanks with appropriate words based on their intuitions. Their answers, including the exact target words or synonyms of 
the target words, as well as words that share the same semantic category with the target word (e.g., lily vs. rose/orchid), were treated as 
correct responses. Contextual predictability was calculated as the proportion of correct answers to the total number of responses for a 
target word, ranging from 0 to 1 (M = 0.57, SD = 0.35). 

4.3. Experimental tasks 

Screening Surveys. Participants were screened before being invited to the lab to ensure they met the participation criteria outlined in 
the previous section. Specifically, a demographic survey was delivered through Qualtrics, in conjunction with a self-rated commu-
nicative Chinese language ability survey (adapted from Bachman & Palmer, 1989). The communicative Chinese language ability 
survey consisted of 21 items distributed across three sections, targeting grammatical, pragmatic, and socio-linguistic competence 
respectively. Participants responded to the survey using four-point Likert scales, with their total scores ranging from 0 to 84. To ensure 
that participants’ L2 proficiency would not be too low or too high for the purpose of this study, those achieving a total score below 36 
or beyond 72 were excluded. Cronbach’s alpha for this survey was .89, 95% CI [.85, .93]. 

Eye-tracking While Reading. The twelve stories were read by participants on two consecutive days. Based on random assignment, two 
lists (list A and list B) were first generated, each containing three sets of stories (i.e., six stories). The presentation order of the two lists 
were counterbalanced, such that half of the participants received list A on the first day, followed by list B on the second day, while the 
other half of the participants began with list B on the first day, followed by list A on the second day. Within each list, the presentation 
order of the stories was randomized across the sets and within each set. Each story was split into four screens, with five sentences on 
each screen. Before reading the stories, a practice text was provided to help familiarize the participants with reading in front of the eye 
tracker. Participants were instructed to read the stories naturally for meaning at their own pace. They were also notified that there 
would be comprehension questions following each story. Compulsory breaks were taken after finishing reading every two stories. 

Participants’ eye movements were automatically recorded by an EyeLink 1000 Plus eye tracker (SR Research, Canada; sampling 
rate: 1000 Hz). Participants read the stories binocularly, but only the right eye was monitored. The stories were presented in a normal, 
double-spacing manner on a 21-inch CRT monitor (resolution: 1024 × 768 pixels; refresh rate: 150 Hz) connected to a Dell PC. Chinese 

Table 2 
Text characteristics of the stories.  

Story Word tokens Word types Type-token ratio Number of Characters Average sentence length Average readability 
rating 

Lexical coverage rate 

S1G1 216 118 0.55 297 10.3 (3.2) 7.6 97.2% 
S1G2 222 118 0.53 304 11.1 (1.8) 8.9 97.3% 
S2G1 234 134 0.57 300 11.7 (2.5) 7.9 97.4% 
S2G2 224 125 0.56 304 10.7 (3.1) 7.9 97.3% 
S3G1 217 122 0.56 308 10.9 (2.2) 8.0 97.2% 
S3G2 213 121 0.57 302 10.7 (2.9) 7.6 97.2% 
S4G1 220 124 0.56 295 11.0 (2.3) 8.0 97.3% 
S4G2 221 124 0.56 301 11.1 (1.8) 8.7 97.3% 
S5G1 206 129 0.63 298 10.3 (1.9) 7.7 97.1% 
S5G2 206 118 0.57 297 10.3 (2.0) 8.9 97.1% 
S6G1 208 116 0.56 301 10.4 (2.4) 7.0 97.1% 
S6G2 213 133 0.62 293 10.7 (2.4) 8.3 97.2% 

Note. Average sentence length was measured by number of word tokens, with standard deviations provided in the parentheses. The stories were 
labelled in the following way: set number-group number (e.g., S1G1). 
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characters were displayed in black, using Song 20-point font on a white background. Participants sat at a viewing distance of 70 cm 
from the computer monitor, with their head stabilized by means of a chin rest and a forehead rest. Nine-point calibrations were done at 
the beginning of the experiment and after each break. Additional calibrations were carried out for each participant when needed. Drift 
correction, in which a fixation point was displayed to allow the eye tracker to correct for small drifts in the calculation of gaze position, 
was set up at the beginning of each screen (Elgort et al., 2018; Godfroid et al., 2018; Mohamed, 2018). After the system was calibrated, 
the maximal gaze-position error was less than 0.5◦ in visual angle. The two reading sessions took about 60 min in total. 

Vocabulary Knowledge Tests. A form-recognition test (see Appendix D in the supporting information online) was administered to test 
participants’ receptive knowledge of the orthographic form of the target compounds. For each target word, two orthographically 
similar words were used as distractors, created by replacing the first/second character of the target word. Take the target word “天平 
(scale)” for instance: by replacing either the first character “天” or the second character “平”, two distractors, namely, “天使 (angel)” 
and “太平 (peace)” were created. The distractors and target compounds were matched for part of speech and word strokes (i.e., first- 
character strokes + second-character strokes). By adopting such a design, participants responded correctly only when they are able to 
retrieve the exact orthographic form of a given target compound. The 12 target compounds were then mixed with 24 distractors and 
divided into three blocks, each containing two transparent compounds, two opaque compounds, and eight distractors. Participants 
were instructed to choose the words that had appeared in the stories they had read. The order of the three blocks, as well as the order of 
the words within each block, were randomized. Participants received a point if they correctly chose a word that had appeared in the 
stories. If they missed a word that had occurred in the stories, they would receive a zero score instead. Cronbach’s alpha for this test 
was .59, 95% CI [.43, .75]. This test took about 5 min and was delivered through Qualtrics. 

A meaning-recall test (see Appendix E in the supporting information online) was created to measure participants’ productive 
knowledge of the target words. Participants were asked to type out the meaning of the 12 compounds embedded in the stories. To 
encourage L2 learners’ production and address the partial nature of their semantic knowledge, participants were instructed either to 
explain the exact meaning of the target words or provide synonyms or words semantically related to the target words, using Chinese or 
English. The presentation order of the target words was randomized. Participants received a score of 1 or 0, depending on whether they 
described the meaning of the target words correctly. A native speaker of Chinese was recruited to rate participants’ responses based on 
the above-mentioned criteria, along with the first author. Inter-rater reliability computed by Cohen’s Kappa was .85. Cronbach’s alpha 
for this test was .79, 95% CI [.71, .87]. This test took about 10 min and was delivered through Qualtrics. 

A meaning recognition test (see Appendix F in the supporting information online) was created to measure participants’ receptive 
semantic knowledge of the target compounds. This was a multiple-choice test. For each target word, there were four choices, with “I 
don’t know” also included as an option. Participants were instructed to choose the best option that explained the meaning of each 
word. Careful attention was given to the design of distractors, on the basis of the following principles and procedure. First, using a 
lexical inferencing task, ten L2 Chinese learners comparable to the participants in this study were instructed to guess the meaning of 
the target compounds, without contextual support. Incorrect responses were collected from them and considered as potential can-
didates for distractor choices. Unlike generating distractors solely dependent on researchers’ intuition, such a practice had the benefit 
of ensuring that distractor choices would indeed be distracting to participants. These candidates were then evaluated and screened, so 
that they were of the same word class and were semantically consistent with at least one sentence context in which the target com-
pound occurred. For the opaque compounds, at least one distractor was created based on their literal meaning. The choices were 
arranged in such a way that the number of correct answers for each choice (i.e., A, B, C, D) was the same. This test was delivered online 
through Qualtrics, with the test items randomized. This test took about 5 min. Cronbach’s alpha for this test was .62, 95% CI [.47, .76]. 

4.4. Procedure 

Participants who completed the screening surveys and met the criteria to participate in the study were invited to the lab. They were 
tested individually. The experiment was split into two sessions over two consecutive days. On day one, each participant read the first 
three sets of stories (6 stories total). As part of the design for a larger project, they also took additional cognitive tests following the 
reading phase. On day two, the participants read the remaining three sets of stories (6 stories). Immediately after the reading session, 
they took a series of surprise vocabulary knowledge tests. To avoid transfer effects, the participants started with the form recognition 
test, then the meaning recall test, and finally, the meaning recognition test. After completing the vocabulary knowledge tests, the 
participants received a brief survey, in which they reported how familiar they had been with each target compound before partici-
pating in the study. Participants were instructed to respond based on a four-point Likert scale (1: I have never seen this word before; 2: I 
have seen this word before; 3: I know the meaning of this word; 4: I am familiar with this word). The whole experiment took about 2 hours 
across the two days. 

5. Statistical analysis 

5.1. Data cleaning 

Two participants turned out to be Chinese heritage speakers and started learning Chinese at very young ages. Seven participants 
had accuracy rates for the comprehension questions lower than 70%, indicating they either had difficulty understanding the stories or 
did not follow the instructions and read the stories for meaning. After removing these participants, 52 participants were kept for data 
analysis. Given that real L2 words—instead of pseudowords—were used in this study, self-reported familiarity of the target compounds 
collected from the participants was checked against their performance on the immediate vocabulary knowledge posttests. Specifically, 
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Table 3 
Mixed-effects modeling results for vocabulary gains.   

Form Recognition  Meaning Recall  Meaning Recognition  

Parameters Estimate SE z p exp(β) Estimate SE z p exp(β) Estimate SE z p exp(β)  

Intercept 3.61 0.54 6.65 <.001 36.97 0.45 0.40 1.11 .266 1.57 0.52 0.45 1.15 .249 1.68  
Transparency − 1.89 0.52 − 3.64 <.001 0.15 − 2.10 0.50 − 4.19 <.001 0.12       
summedTRT 0.58 0.22 2.61 .009 1.79      0.38 0.14 2.72 .007 1.46  
Comprehension 1.18 0.37 3.15 .002 3.25 1.12 0.25 4.46 <.001 3.06 0.17 0.18 0.94 .347 1.19  
Comprehension:Transparency − 0.73 0.37 − 1.98 .048 0.48      0.74 0.24 3.08 .002 2.10  
Prior Exposure           − 0.59 0.26 − 2.25 .024 0.55  
Random Effects  
Variance 0.80 subject  1.88 subject  0.29 subject   

0.05 item  0.47 item  1.84 item  

Marginal R2/Conditional R2 0.330/0.467  0.286/0.584  0.150/0.485  

Note. Transparency was dummy-coded, with opaque compounds as the reference group. Similarly, Prior Exposure was dummy-coded, with compounds previously not encountered as the reference group. 
summedTRT and Comprehension were standardized. Marginal R2 and Conditional R2: refer to the proportion of variance explained by fixed effects and all effects (fixed and random effects), respectively. 
Model formulas include:  
• Form Recognition ~ Transparency + summedTRT + Comprehension + Comprehension:Transparency + Prior Exposure + (1|subject) + (1|item)  
• Meaning Recall ~ Transparency + Comprehension + (1|subject) + (1|item)  
• Meaning Recognition ~ summedTRT + Comprehension + Comprehension:Transparency + Prior Exposure + (1|subject) + (1|item) 
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if a participant claimed to have already known the meaning of a target compound (i.e., selecting 3 or 4 in the survey) prior to 
participating in the experiment, and indeed he or she responded correctly in the semantic knowledge tests, then this compound was 
excluded from analysis for this person. Following this, 25% of the responses in the vocabulary knowledge tests were removed (i.e., 
4.5% for opaque compounds, and 20.5% for transparent compounds). In order to examine whether attentional processing of novel 
compounds predicts L2 learners’ vocabulary gains, the target compounds were defined as areas of interest on the eye tracker, and total 
reading time for each compound was extracted at each occurrence. The data cleaning procedure applied to vocabulary knowledge tests 
was also adopted for screening eye-tracking data, so that target compounds claimed and confirmed to have been known by the par-
ticipants were not analyzed. Additionally, total reading time shorter than 80 ms were excluded from analysis (0.1%), as they are 
considered to be uninformative (Betancort, Carreiras, & Sturt, 2009). 

5.2. Mixed-effects modeling 

To assess how L2 learners incidentally acquire novel compounds from reading, three binary variables, namely, form recognition, 
meaning recall, and meaning recognition, were treated as dependent variables. The independent variables included semantic trans-
parency and summedTRT. Semantic transparency (Transparency) was dummy-coded, with transparent compounds as the reference 
group. In order to quantify the amount of overall cognitive effort spent on processing each target compound, summedTRT was 
computed by summing total reading time across the six exposures, which was then rescaled through standardization and transformed 
to z-scores. Transparent and opaque compounds were matched for second-character strokes, but not for first-character strokes and 
word strokes. Given that word strokes and first-character strokes were highly correlated (r = .84), only first-character strokes (Strokes) 
were incorporated as a covariate and standardized. Additionally, participants’ accuracy rates for the comprehension questions 
(Comprehension) were also included as a covariate, which was first transformed to a percentage scale and then standardized. Similarly, 
to control for the contextual predictability of each target compound (Predictability), contextual predictability ratings across each 
occurrence of a target compound were summed and then averaged, before being transformed to the percentage scale and standardized. 
Depending on whether participants reported to have previously encountered the target compounds before participating in the 
experiment, a binary variable Prior Exposure was created as a covariate and dummy-coded, such that words without prior exposure 
was treated as the reference group. 

Mixed-effects logistic models were fit for form recognition, meaning recall, and meaning recognition separately, using the lme4 
package (version 1.1.21, Bates, Maechler, Bolker, & Walker, 2015) in R (version 3.6.2, R Core Team, 2019). Statistical models were 
implemented using a maximum likelihood technique, following forward model-selection procedures. Specifically, initial models with 
random intercepts for subjects and items were fitted, with effects of independent variables (i.e., Transparency, summedTRT, as well as 
the interaction between Transparency and summedTRT) and covariates (i.e., Strokes, Prior Exposure, Comprehension, Predictability, 
and interactions between each covariate and Transparency) added sequentially. Model comparisons were carried out using the anova 
function in the lme4 package, based on log-likelihood tests. Finally, random slopes of fixed effects remaining in the so-far-best models 
were tested for subjects and items. For each best-fitted model, effect sizes measured by conditional R2 (i.e., the proportion of total 
variance explained by both fixed and random effects) and marginal R2 (i.e., the proportion of variance explained by fixed effects), 

Fig. 1. Vocabulary gains acquired incidentally from reading.  
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along with p-values, were calculated using the tab_model function in the sjPlot package (version 2.8.2, Lüdecke, 2019). For logistic 
regression models, regression coefficient β corresponds to logged odds ratios (ORs). To interpret the results on the original scale, 
exponentiated coefficients exp(β), which referred to changes in the likelihood of achieving correct responses in terms of form rec-
ognition/meaning recall/meaning recognition, were reported. Specifically, ORs smaller than 1 indicate a decrease in the odds of 
achieving a correct answer, while ORs larger than 1 signal an increase in the odds of responding correctly. The significance level, alpha, 
was set at .05. 

6. Results 

Mixed-effects logistic modeling results for form recognition, meaning recall and meaning recognition are summarized in Table 3. 
Overall, fixed effects in the best-fitted models explained 33.0%, 28.6% and 15.0% of the variance for form recognition, meaning recall 
and meaning recognition, respectively. Taken together, fixed effects and random effects in the best-fitted models explained 46.7%, 
58.4% and 48.5% of participants’ variability in form recognition, meaning recall and meaning recognition, respectively. 

6.1. Vocabulary Gains Acquired Incidentally from reading 

In answer to the first research question, after six exposures under a reading-for-meaning condition, for the transparent compounds, 
the average accuracy on form recognition, meaning recognition, and meaning recall was 92% (SD = 27%), 52% (SD = 50%), and 54% 
(SD = 50%), respectively. By contrast, for the opaque compounds, intermediate-level L2 learners of Chinese achieved an average 
accuracy of 79% (SD = 41%), 48% (SD = 50%), and 26% (SD = 44%), respectively. Notably, for meaning recall (Estimate = 0.45, SE =
0.40, z = 1.11, p = .266) and meaning recognition (Estimate = 0.52, SE = 0.45, z = 1.15, p = .249), the intercepts in the best-fitted 
models were not significant, indicating that L2 learners’ accuracies in these tests were not significantly higher than 50%. Average 
scores of form recognition, meaning recall and meaning recognition across conditions are visually presented in Fig. 1. 

6.2. Semantic transparency affects incidental vocabulary learning 

For both form recognition (Estimate = − 1.89, SE = 0.52, z = − 3.64, p < .001, exp(β) = 0.15) and meaning recall (Estimate = − 2.10, 
SE = 0.50, z = − 4.19, p < .001, exp(β) = 0.12), semantic transparency significantly impacts incidental learning of novel compounds 
from reading, with opaque compounds being much more difficult to acquire than transparent compounds. Specifically, for semanti-
cally opaque compounds, the odds of recognizing the orthographic form and recalling the meaning were 85% and 88% lower than 
semantically transparent compounds. However, incidental learning of compounds, as measured by meaning recognition, was not 
significantly predicted by semantic transparency, meaning that L2 learners achieved similar accuracies for transparent and opaque 
compounds in this test. 

6.3. Contextual influences on incidental vocabulary learning 

Two contextual covariates, namely, reading comprehension and contextual predictability, were incorporated for data analyses. For 
the opaque compounds, reading comprehension turned out to significantly predict L2 participants’ form recognition (Estimate = 1.18, 
SE = 0.37, z = 3.15, p = .002, exp(β) = 3.25) and meaning recall (Estimate = 1.12, SE = 0.25, z = 4.46, p < .001, exp(β) = 3.06) 
performance. Reading comprehension also predicted L2 participants’ vocabulary gains for the transparent compounds, yet only in 
terms of form recognition (evidenced by the significant effect of comprehension and the interaction between comprehension and 
transparency in Table 3) and meaning recognition (Estimate = 0.74, SE = 0.24, z = 3.08, p = .002, exp(β) = 2.10). Interestingly, 
contextual predictability, operationalized as the likelihood for a target compound to appear in any given sentence in the stories, was 
found to have no impact on L2 participants’ vocabulary gains. 

6.4. The relationship between attentional processing and incidental learning of novel compounds 

On average, total reading time summed across six exposures was 9175.5 ms (SD = 4314.7) and 8779.2 ms (SD = 4237.5) for the 
transparent and opaque compounds, respectively. In answer to the third research question, summedTRT was found to significantly 
predict incidental learning of compounds from reading, in terms of form recognition (Estimate = 0.58, SE = 0.22, z = 2.61, p = .009, 
exp(β) = 1.79) and meaning recognition (Estimate = 0.38, SE = 0.14, z = 2.72, p = .007, exp(β) = 1.46). One standard deviation of 
increase in summedTRT was expected to enhance the odds of recognizing the orthographic form and meaning of novel compounds by 
79% and 46%, respectively. Interestingly, summedTRT was not predictive of L2 learners’ performance on the meaning recall test. 

7. Discussion 

7.1. Incidental learning of transparent and opaque compounds from reading 

After six exposures, L2 learners obtained sizable gains in form recognition, for both transparent (92%) and opaque compounds 
(79%). For transparent compounds, vocabulary gains in meaning recognition (52%) and meaning recall (54%) were comparable. 
However, for opaque compounds, meaning recall (26%) was found to be much more difficult than meaning recognition (48%). Mixed- 
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effects modeling revealed that semantic transparency significantly impacted incidental learning of L2 compounds from reading, with 
opaque compounds being much more difficult to acquire than transparent compounds, in terms of both form recognition and meaning 
recall. 

The vocabulary gains reported in this study confirm the widely acknowledged benefit of repeated exposures for incidental vo-
cabulary learning (Uchihara et al., 2019). In the present study, L2 Chinese learners were exposed to the novel compounds six times 
over two consecutive days, with the occurrences of the same novel compound in different contexts. Perfetti and colleagues (Bolger, 
Balass, Landen, & Perfetti, 2008; Reichle & Perfetti, 2003) put forward an instance-based framework to explain how word knowledge 
accrues after encountering a word repeatedly in context. According to this framework, each exposure to a novel lexical item creates a 
memory trace that encodes the word and its accompanying context; after experiencing the word in a variety of contexts, one’s 
word-meaning knowledge becomes increasingly decontextualized. Acquiring a word does not only mean achieving substantial vo-
cabulary gains measured by offline measures, but also robust lexical representations in the mental lexicon. From this perspective, 
needless to say, L2 learners’ knowledge of the novel compounds is still partial and incomplete, and additional exposures in contexts are 
required before such lexical items become fully consolidated. 

Current research on incidental vocabulary learning from reading has frequently incorporated target lexical items with different 
lexical characteristics, making it unrealistic to compare pickup rates of vocabulary knowledge across studies. However, it is still 
meaningful to compare the rates of uptake among different aspects of vocabulary knowledge within a study. Barclay and Schmitt 
(2019) argue that various aspects of vocabulary knowledge can hardly be acquired simultaneously and may progress at different rates. 
Using structural equation modeling, González-Fernández and Schmitt (2020) confirmed that recognition and recall knowledge are two 
distinct latent constructs, with the former acquired before the latter across all components of word knowledge. In line with this, recent 
studies suggest that incidental learning of L2 words from reading takes place sequentially, starting with form recognition, followed by 
meaning recognition, and finally meaning recall. For instance, Mohamed (2018) reported that average vocabulary gains of L2 
pseudowords with varying numbers of exposures were highest in form recognition (42%), followed by meaning recognition (30%), and 
finally meaning recall (13%). Similar to Mohamed, after eight exposures to L2 pseudowords during reading, Pellicer-Sánchez (2016) 
found that L2 learners’ accuracies were highest in form recognition (86%), followed by meaning recognition (75%), and finally 
meaning recall (55%). Results of the present study are partially consistent with these studies, in that the acquisition of initial vo-
cabulary knowledge of opaque compounds did follow the above-mentioned order. Nevertheless, this study also adds to these previous 
findings, in that such a sequence may not always be strictly followed. Different from opaque compounds, transparent compounds can 
be morphologically decomposed by L2 learners, with their meanings derived by combining the constituent morphemes (Brusnighan & 
Folk, 2012; Chen, 2020; Mok, 2009). Therefore, it is unsurprising that meaning recall was not significantly more difficult than meaning 
recognition for transparent compounds. 

The impact of semantic transparency on incidental L2 vocabulary acquisition is also worth examining in further detail. Little effort 
has been spent on studying the contribution of semantic transparency to the acquisition of compounds, despite the fact that com-
pounding is a prominent way of generating words for languages such as Chinese, and that semantic transparency is crucial for un-
derstanding the acquisition of compounds. In a separate analysis focusing on the processing of novel L2 compounds across repeated 
exposures, no significant difference was found between the transparent and opaque compounds in terms of the amount of attention 
attracted from L2 learners. Therefore, one can hardly attribute the acquisition advantages of transparent compounds over opaque 
compounds (in form recognition and meaning recall) to potential differences in the allocation of cognitive resources. Instead, we 
believe such result patterns might largely result from the componential nature of transparent compounds, as mentioned in the 
beginning section of this manuscript. To be specific, L2 learners might have less difficulty combining the orthographic forms of the 
constituent morphemes of transparent compounds and maintaining them in their memory. Similarly, given that transparent com-
pounds are semantically componential, L2 learners would also have less difficulty inferring their meaning from the constituent 
morphemes, even when contextual support is not available (as in the case of meaning recall). The absence of transparent compounds’ 
advantage over opaque compounds in meaning recognition (52% vs. 48%), however, may largely result from the nature of the test. 
Unlike what happens in the meaning recall test, participants were presented with four choices—one correct answer and three dis-
tractors—in the meaning recognition test. The availability of multiple choices may help L2 learners to retrieve episodic memory of 
sentential contexts in which the compounds occurred, which is particularly necessary for the opaque compounds. 

Lastly, as reported in the previous section, we also found contrasting patterns of two types of contextual influences on the 
acquisition of the target compounds. Specifically, L2 learners’ vocabulary gains for both transparent and opaque compounds were 
positively associated with their comprehension of the reading materials, whereas no relationship was found between L2 learners’ 
vocabulary gains and the contextual predictability of the target compounds. These results suggest that L2 learners did make use of 
contextual information to acquire the orthography and meaning of novel compounds (including those of transparent compounds), yet 
it was passage-level comprehension—rather than sentence-level predictability of the target compounds—that played a role. Such a 
pattern further confirms that L2 learners in the present study spent more effort comprehending the stories and did not explicitly attend 
to the target compounds (either by proactively predict them or infer their meaning using contextual predictability), which corresponds 
to the incidental nature of the reading task. 

7.2. Linking attentional processing and incidental vocabulary acquisition using eye-tracking 

In answer to the third research question, attentional processing of novel lexical items, operationalized as summed total reading time 
across repeated exposures, significantly predicted L2 learners’ recognition knowledge of both transparent and opaque compounds, in 
terms of form and meaning. Meanwhile, summed total reading time was not found to be associated with meaning recall. Overall, such 
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results confirmed the widely-accepted assumption that attention is associated with L2 acquisition (Schmidt, 1995, 2010). In line with 
previous studies (Godfroid et al., 2013, 2018; Mohamed, 2018; Pellicer-Sánchez, 2016), our results support the practice of using 
eye-tracking to capture and quantify the amount of attention allocated to novel lexical items, which helps establish the link between 
online lexical processing and incidental vocabulary gains. 

However, the association patterns between summed total reading time and various aspects of vocabulary knowledge acquired 
incidentally from reading are not consistent. For example, results in Mohamed (2018) and the current study both supported a positive 
relationship between summed total reading time and form recognition, yet such a pattern was not found in Godfroid et al. (2018) and 
Pellicer-Sánchez (2016). When it comes to meaning recognition, Godfroid et al. (2018), Mohamed (2018) and the current study all 
revealed that it can be predicted by summed total reading time on novel lexical items, yet such results were not replicated by Pelli-
cer-Sánchez (2016). Similarly, although Godfroid et al. (2018), Mohamed (2018) and Pellicer-Sánchez (2016) all reported a positive 
relationship between total reading time and meaning recall, the present study failed to corroborate the finding that longer reading time 
led to better meaning recall for transparent and opaque compounds. Mohamed (2018) is the first and only study to date to report that 
summed total reading time is predictive of all types of vocabulary knowledge, including form recognition, meaning recognition, and 
meaning recall. 

Notably, the above-mentioned studies differ substantially in various aspects, such as the use of target items (L2 words vs. pseu-
dowords vs. non-target-language words), the administration of vocabulary knowledge tests (e.g., whether test items are randomized), 
and the statistical analyses used. Despite these differences, given that the vocabulary knowledge tests in these studies follow similar 
designs, preliminary explanations for the aforementioned inconsistencies are not impossible. To begin with, the absence of the as-
sociation between summed total reading time and recognition knowledge of form and meaning of L2 pseudowords in Pellicer-Sánchez 
(2016) could probably be due to the lack of statistical power as well as their statistical analysis. Pellicer-Sánchez only had six target 
items and 37 s language speakers. Moreover, instead of using more sophisticated statistical techniques such as mixed-effects modeling, 
she ran Wilcoxon rank-signed tests to obtain correlations between total reading time and vocabulary gains, without considering other 
confounding variables. Second, although Godfroid et al. (2018) did not find a significant impact of summed total reading time on form 
recognition, in a similar study (Godfroid et al., 2013), Godfroid and colleagues did report such an association even when participants 
only had one exposure to target L2 pseudowords. Therefore, the lack of predictive power of total reading time for form recognition in 
Godfroid et al. (2018) may largely result from their research design. Unlike the earlier study, Godfroid et al. (2018) used Dari words as 
target items and embedded them in English reading materials. Since L2 English participants had no systematic knowledge of Dari 
spellings, a form recognition test with Dari words as distractors may have caused unexpected difficulties, thus distorting the rela-
tionship between form recognition and total reading time. Finally, the lack of significant relationship between meaning recall and 
summed total reading time in the present study, standing in contrast to previous findings, is likely not attributable to factors such as 
experimental control and statistical analysis. One possible explanation lies in the choice of target stimuli. Mohamed (2018) and 
Pellicer-Sánchez (2016) both created pseudowords (e.g., blef-kill, holter-house), while Godfroid et al. (2018) presented Dari words 
(harami-illegitimate child) in the texts. Under such circumstances, to perform correctly in the meaning recall test, L2 learners could only 
rely on contextual information retrieved from memory—which is moderated by the amount of attention allocated. However, for 
transparent and opaque compounds, when asked to recall their meaning, L2 learners might take advantage of constituent morphemes 
to describe the meaning of the compound, though such a strategy was not helpful when dealing with opaque compounds. Such a 
strategy could still help, however, when the meaning recognition test was performed. the availability of multiple choices, as mentioned 
earlier, might drive participants to rely more heavily on another path, by retrieving contextual information stored in their memory. 

8. Conclusion 

This study adds to the L2 vocabulary acquisition literature by examining L2 learners’ incidental learning of semantically trans-
parent and opaque compounds from reading, using the eye-tracking technique. Results confirm that different aspects of vocabulary 
knowledge develop at different rates, yet the acquisition order of various aspects of vocabulary knowledge may be slightly different 
between transparent and opaque compounds. Semantic transparency was found to significantly impact the incidental learning of novel 
compounds from reading, with transparent compounds turning out to be much easier to acquire than opaque compounds in terms of 
form recognition and meaning recall. Finally, the positive association between online processing and incidental learning of novel 
lexical items is also confirmed. Nevertheless, given the componential nature of the meaning of transparent compounds as well as the 
nature of the meaning recall test, total reading time summed across repeated exposures only predicts L2 learners’ form and meaning 
recognition, but not meaning recall. Considering that compounding plays a crucial role in many languages other than English and that 
opaque compounds cause more difficulties for L2 learners, more research effort is needed to promote the understanding and instruction 
of such lexical items in the future. 
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