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Abstract 

This study examined how unimodal and bimodal learning conditions impact L2 vocabulary processing 
and learning, comparing reading only (RO) and reading while listening (RWL) groups. 119 high 
intermediate-advanced English learners read or read-while-listening a short story embedded with 25 
target pseudowords, repeated 10 times each, and had their eye movements tracked. Processing was 
defined through two behavioral measures of individual exposure frequency: visit count (VC) to target 
interest areas and total reading time per visit count (TRT per visit). Three learning posttests measured 
form and meaning recognition and meaning recall. Processing analysis revealed (a) significantly more 
visits to targets in RO than RWL, and (b) significantly higher reading time per visit in RWL than RO. 
Learning gain scores indicated equal or superior outcome scores for RWL compared with RO on all 
measures. Analyses also revealed that summed VC was a significant predictor of form recognition, while 
summed TRT was a significant predictor of meaning recall. Results are discussed within theoretical 
discussions of multimodality research regarding vocabulary processing and learning, particularly in how 
bimodal conditions in computer-assisted language learning contexts can impact both the quantity and 
length of exposures, and positively influence word learning.  
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Introduction 

Technological advances have provided new opportunities for diversifying linguistic input by including 
simultaneous audio during reading tasks in the digital learning environment, as well as new 
methodological tools (e.g., tracking eye movements) for examining processing and learning in second 
language acquisition (SLA) especially related to vocabulary. An increasing number of studies have 
connected real-time behavioral data with learning measures to examine how multimodal conditions 
impact L2 processing and learning, especially in digital language tasks. However, vocabulary studies 
utilizing multimodal conditions have typically focused either on learning outcomes (see Montero Pérez et 
al., 2024 for an overview), or how measured attention (i.e., reading time) during meaning-focused 
multimodal tasks such as reading, listening, and/or viewing relates to vocabulary learning outcomes. 
Relatively few have done both. 

Studies focused on learning outcomes have typically accounted for global repetitions in a text to measure 
exposure frequency (see Uchihara et al., 2019), with the underlying assumption of incremental 
development across encounters. Conversely, other work has utilized highly sensitive measures of reading 
time at the level of milliseconds (e.g., TRT) across instances in a text to measure individual learner 
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attention, with mixed findings regarding the relationship between reading times and learning outcomes 
(see Elgort and Beyersmann, 2024). Reading research in SLA has reported close ties between eye 
movements, attention, and uptake of linguistic information from reading (see Cop et al., 2015; Godfroid, 
2020), rendering eye tracking a promising and useful tool for measuring real-time processing while 
comparing behavior in unimodal and multimodal conditions. To our knowledge, no previous study 
utilizing either unimodal or multimodal learning conditions have included the actual number of individual 
encounters or total visits to targets. Further, none have compared both the number and average length of 
exposures at the individual level in unimodal and bimodal vocabulary learning conditions, or utilized 
these measures to predict learning outcomes.  

The present study addressed these gaps by triangulating processing measurement and learning outcomes 
for new vocabulary from a contextualized digital reading task under incidental conditions, which isolated 
multimodal reading while listening (RWL) and unimodal reading only (RO) groups. Firstly, the actual 
number of individual encounters with new words was measured through the visit count (VC) variable, 
along with the average length of each exposure (total reading time per visit), to examine how a simple 
multimodal intervention easily employed in digital contexts (bimodal RWL) may affect processing of 
new words longitudinally across 10 instances. Secondly, we compared group scores on three learning 
outcomes (form recognition, meaning recognition, meaning recall) to examine differences in learning 
between RO and RWL. Finally, summed VC and TRT were utilized as predictors of form and meaning 
recognition and meaning recall vocabulary learning outcomes, to isolate how processing in multimodal 
RWL conditions can impact learning gains.  

Literature Review 

The Impact of Multimodal Conditions on Vocabulary Learning 
A growing number of SLA vocabulary studies have reported superior learning gains across types of 
knowledge from multimodal conditions (e.g., Webb & Chang, 2012; Malone, 2018 for RWL vs. RO; see 
Montero Pérez et al., 2024 for a recent review of findings related to learning from multimodal viewing). 
Webb and Chang (2012) utilized a classroom-based learning design, reporting superior learning gains 
from repeated reading. Malone (2018) found superior gains in both form and meaning from a bimodal 
RWL group compared to RO, utilizing an experimental task that controlled for duration of exposure to the 
new words in short stories. Significant learning gains have been reported from multimodal studies 
comparing captioned versus uncaptioned video conditions (see Montero Pérez et al., 2024). Peters and 
Webb (2018) presented 63 Flemish-L1 learners of L2 English with a full-length Business English TV 
program, reporting superior scores on a meaning recall vocabulary posttest from the experimental group 
compared with the controls (who only took the tests). Findings of substantial learning from multimodal 
conditions including video have extended across types of word knowledge (e.g., Teng, 2023) and 
multiword units (Teng, 2019; Puimège & Peters, 2019).  

In most of these studies, visual-only test items were presented, potentially biasing results in favor of RO. 
Jelani and Boers (2018) examined word learning from a 10-minute TED talk for intermediate English 
learners, comparing groups with or without captions, reporting that both groups provided with the video 
performed roughly equally on auditory test items, but the group with captions scored significantly higher 
on visual items. As Uchihara and colleagues (2022) recently noted, the lack of treatment-test item 
modality congruence is a limitation to many multimodal learning studies. The lack of auditory test items 
in prior work comparing RO and RWL learning gains in particular indicates that the superior learning 
reported may be even more robust when a broader range of knowledge (i.e., both phonological and 
orthographic) is measured.  

Prior studies comparing RO and RWL more narrowly as a subset of multimodal learning research have 
suggested possible theoretical sources for these benefits. Some have argued that multiple modalities assist 
the mapping of phonological to orthographic information (Goswami & Bryant, 1990; Webb & Chang, 
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2015; Malone, 2018), L2 text and phrasal segmentation (Webb & Chang, 2015), and affective benefits 
that impact motivation (Tragant & Vallbona, 2018). However, very few testable claims have been made 
beyond speculations briefly mentioned in discussion sections of journal articles. To our knowledge, only 
one study (Tuzcu, 2023) has included both total exposures (e.g., repetitions) and summed total reading 
time (TRT) as differential predictors of vocabulary learning from RO and RWL. Tuzcu (2023) found that 
repetition significantly predicted three learning outcomes (form recognition, meaning recognition, 
meaning recall) for both RO and RWL groups, while summed TRT only predicted form recognition for 
the RWL group. Given notable recent growth in research connecting attention in SLA/CALL and tracking 
eye movements during linguistic tasks (Godfroid, 2020), explorations into the impact of multimodal 
conditions on processing and learning new vocabulary are needed. 

Exposure Frequency and Reading Time in Multimodal Vocabulary Learning 
To our knowledge, no L2 vocabulary learning study has utilized a measure of exposure frequency that 
encapsulates all individual encounters with new words, or the length of each encounter, instead choosing 
broad (e.g., total tokens in the text) or narrow (e.g., TRT; regressions; total fixations) definitions of 
exposures. Therefore, a definition that accounts for individual variation at the total number and quality of 
encounters is warranted, along with theoretically-motivated predictions for how bimodal conditions 
impact processing. L2 studies have long examined how repetition of new words in context impacts 
learning gains (see Webb & Nation, 2017). Uchihara and colleagues (2019) reported that learner (age and 
vocabulary knowledge), item (type of enhancement, engagement, variability in input), and 
methodological variables all moderated repetition effects in their meta-analysis; however, a medium  
(r = .34) overall effect of repetition was revealed. The remarkable range of findings indicates underlying 
challenges with methodology, learning conditions, and measurement. However, all studies included by 
Uchihara and colleagues defined exposure frequency as the global number of instances of unfamiliar or 
pseudowords at the text level.  

Recent work utilizing eye-tracking methodology (e.g., Montero Pérez et al., 2015;  Pellicer-Sánchez, 
2016, Elgort et al., 2018; Godfroid et al., 2018; Mohamed, 2018; Tuzcu, 2023) has provided new 
evidence that familiarity with new L2 word forms during reading develops across encounters, by 
narrowing the definition of exposure, utilizing total reading time (TRT). These studies generally reported 
a decrease in TRT across instances in the text as evidence of increasing familiarity with new words, but 
also found that summed TRT was a significant predictor of form and meaning-based learning outcomes 
with findings holding across unimodal reading (e.g., Mohamed, 2018), bimodal RWL (Tuzcu, 2023), and 
multimodal viewing of captioned TV shows (Montero Pérez et al., 2015). While eye-tracking studies have 
reported other measures of encounters, from total fixations (Pellicer-Sánchez, 2016; Elgort et al., 2018) to 
regressions to target interest areas (e.g., Elgort et al., 2018; Tuzcu, 2023), none of these metrics define the 
number of individual looks at the target. Additionally, mixed findings regarding processing times from 
different multimodal conditions including viewing (see Montero Pérez et al., 2024) indicate that isolating 
unimodal and bimodal conditions may provide more precise and less variable insights than studies that 
involve images and/or video given the additional cognitive burden they place on learners (Sweller, 2007; 
Paivio, 2013; Mayer, 2014). 

The Present Study 
In the current study, we focused on a subset of multimodality, comparing processing and learning 
outcomes from unimodal RO and bimodal RWL conditions. While including images and video has 
resulted in an array of interesting findings regarding learning, their inclusion also taxes mental resources 
in unique ways (Sweller, 2011; see Liu, 2024 for a recent review). As such, for the present study, we 
included only unimodal RO and bimodal RWL groups. The lack of prior work comparing processing 
differences in RO and RWL across time, as well as the lack of studies utilizing processing metrics (e.g., 
total visits, TRT) as predictors of learning outcomes from RO and RWL, motivated our design. First, we 
utilized the visit count (VC) metric (see Godfroid, 2020), calculating all fixation durations within the 
interest area as a single visit. Including the VC metric as it would allowed us to define exposure 
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frequency more precisely, at the level of the individual reader rather than at the text level. Relatedly, we 
examined the impact of bimodal conditions on the length of individual encounters (average TRT per 
visit).  

In the present study, we also examined how unimodal RO and bimodal RWL conditions predicted 
learning outcomes. Recent work has argued that differences in L2 proficiency may be an important factor 
in differences in learning outcomes (see Malone, 2018; Uchihara et al., 2019); thus, we considered it 
essential to include a battery of individual difference measures (summed VC, TRT, proficiency, and 
memory) as statistical predictors in mixed-effects models. We structured incidental reading conditions to 
include time pressure, comprehension questions, and unannounced learning posttests (following Bruton et 
al., 2011). Finally, we examined the relative involvement of VC and TRT in form and meaning learning. 
Given the variable role of cognitive individual differences in L2 proficiency (see Malone, 2018) and 
memory (e.g., Martin & Ellis, 2012), it was considered beneficial to include multiple measures of each, 
including both visual and auditory modalities, to ensure that both processing and learning were not 
exclusively due to cognitive abilities. Two research questions (RQ) were posed, alongside three 
predictions (summarized in Table 1):  

1. To what extent do bimodal conditions (i.e., RWL) impact processing of unfamiliar L2 words, 
evidenced by total visits and reading time per visit, compared with reading only during a contextualized 
reading task? 

Prediction 1: Based on previous findings of a similar population of advanced learners of English (Conklin 
et al., 2020), participants will read faster and double back to target interest areas more in RO than RWL, 
since reading during RWL is slower than silent reading speed. 

Prediction 2: TRT per visit will be higher in RWL than RO, because the slower reading rate during RWL 
will oblige readers to spend more time looking at targets during each visit. 

2. To what extent do bimodal conditions (RWL) impact vocabulary learning outcomes, when both VC 
and TRT are accounted for as predictors?   

Prediction 3: Learning from the RWL group will be superior to RO on form recognition, meaning 
recognition, and meaning recall outcomes. The simultaneous presentation of visual text and auditory 
information in multimodal conditions during a digital reading task will facilitate faster form familiarity, 
and subsequently deeper learning of meaning (Mayer, 2014).  

Since we had no directional hypotheses regarding the relative role of VC and TRT in form and meaning 
outcomes, these analyses were considered exploratory.  

Methods 

In order to promote Open Science, we shared all Supplemental Material—experimental text, audio files, 
outcome/covariate measures, data, and data analysis code—on Open Science Framework 
(https://osf.io/tjn2m/?view_only=77336fdd9a014431b94af5446faf4e0d). This study was part of a larger 
project including the hypotheses regarding total encounters and learning outcomes, including all 
materials, procedure, and several data analyses, pre-registered prior to data analysis and time-stamped on 
Open Science Framework (https://osf.io/a95g6).  

Participants 
Sample size was estimated based on Judd et al. (2017), utilizing their web application. Optimal power 
was set at 0.8 or above, the alpha level at .05, and the smallest effect size of interest at 0.7 (Plonsky & 
Oswald, 2014). The minimum number of target items was specified at 10 (at the instance level), which 
resulted in a suggested sample of 50 participants per group, with a total N = 100. It was expected that 
some eye-tracking data would be lost, so data were collected from 120 participants (60 per group) on or 
near a large U.S. university campus in the mid-Atlantic region, and most participants were in graduate 
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programs studying toward a degree. One participant’s data session was interrupted and removed, but no 
additional data were lost, so results from 119 participants are reported. Their level of L2 English 
proficiency was advanced (see Supplemental Material P).  

Table 1  

RQs, Predictions, Tasks, and Measures 

RQ Prediction  Task/Measure 

  Online eye tracking Offline measure 

1 1 RO > RWL in VC N/A 

1 2 RWL > RO in TRT per visit N/A 

2 
 
3 
 

 
 

N/A 
 
 

RWL > RO on form 
recognition, meaning 

recognition, and 
meaning recall outcomes 

N/A N/A Summed TRT as a significant 
predictor of learning outcomes 

N/A 
 

 
Institutional Research Board approval was granted at a U.S. university in the mid-Atlantic region, with 
participants paid $15 for Part 1 and an additional $35 for Part 2 (see Table 2). Supplemental Material A 
and B indicate demographic information. We accounted for L1 script diversity through pseudo-random 
assignment, with balance of L1 Mandarin/Cantonese and L1 groups from Bangladesh/India/Sri Lanka. All 
participants reported normal or corrected-to-normal sight and hearing.  

Experimental Task Manipulation 
The reading task was a modified ~7,400-word translation of How Much Land Does A Man Need? by Leo 
Tolstoy (see Supplemental Material C). This text was chosen to engage participants with an ecologically 
valid task that might be used by an instructor as an extensive reading assignment with a continuous story 
utilized to engage participant interest. Pilot testing with 10 participants at a similar level of English ability 
revealed that the task was sufficiently challenging, but not too difficult, for participants to read and 
understand within the given time frame. Text modification proceeded as follows: 

(1) Repeatedly-occurring individual nouns were identified as possible target replacements, using the 
Compleat web vocabulary profiler (Cobb, 2022), with 25 concrete nouns (animals, grains, money, 
measurements) identified. Nouns in object position were selected, given their centrality in 
communicating meaning and perceptual and syntactic salience (e.g., Moravcsik & Healy, 1998; 
Birch & Rayner, 2010); given the complexity of analytical models, consistency in the target part 
of speech was considered desirable. 

(2) Other words beyond the most frequent 4,000 word families in English according to the BNC-
COCA 25k word family list (Webb & Nation, 2017) were replaced with more frequent synonyms.  

(3) Comprehension questions were created and piloted, with 27 (three per chapter) included in the 
final study, with no target item knowledge necessary for correct answers.  

Pseudoword Characteristics 
Supplemental Material D indicates characteristics of original items, pseudoword targets, and original 
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sources. Concreteness ratings for the original words were consistently high, taken from Brysbaert et al. 
(2014). Brysbaert and New’s (2009) SUBTLEX-US frequency count data were applied to the original 
words in the text, and this varied more than concreteness, but concreteness is considered more important 
than frequency to semantic inferencing (e.g., Paivio 2013). Pseudoword replacements were 
orthographically and phonologically similar to English words, from three similar studies (Elgort & 
Warren, 2014; Pellicer-Sánchez, 2016; Elgort, 2017).  

Lexical characteristics of pseudoword replacements were explored utilizing tools from the English 
Lexicon Project (Balota et al., 2007). Spelling consistency was quantified using Chee et al.’s (2020) 
method, calculating and averaging rime scores for each syllable. Consistency of distribution of occurrence 
was sought, and ranged from 500–700 words on average, balancing distribution with natural variability 
within context. See Supplemental Material E for a description of how contextual information was 
considered.  

Vocabulary Posttests 
Three posttests measured form recognition, meaning recognition, and meaning recall, and were created 
and deployed utilizing the Psychopy3 Builder interface (Peirce et al., 2019) through the online Pavlovia 
platform. We included a balance of auditory-only and visual-only items, for a better balance of treatment-
test item modality congruence (see Jelani & Boers, 2018). We did not include bimodal items, but 
followed the recommendation of others (e.g., Uchihara et al., 2022) in better aligning measurement with 
treatment, not disadvantaging learning conditions that included audio. Items were presented in 
randomized order and modality (visual or auditory), in the following order:  

(1) Form recognition: 25 target pseudoword items and 25 pseudoword fillers were presented one at a 
time, with the question “was this word in the story?”; key responses for “yes” and “no” were 
randomly assigned to “f” or “j” keys (see Supplemental Material F). Participants could hear the 
auditory items three times. 

(2) Meaning recall: 25 pseudoword targets were presented in randomized order and modality, and 
participants were instructed to write an L1 translation, or “I don’t know” if necessary (see 
Supplemental Material G). Participants could hear the auditory items three times. 

(3) Meaning recognition: 25 target items were presented in randomized order and modality, with 
three multiple-choice possible answers (correct answer and two distractors). Meaning was defined 
as the semantic category of each word (see Supplemental Material H). Participants could hear the 
auditory items three times. 

These three learning measures were chosen based on other work examining frequency of exposure and 
vocabulary learning from early exposures (see Webb, 2007), following the theoretical developmental 
sequence of form-form to form-meaning mapping (e.g., Chaudron, 1985; Bordag et al., 2022). Each item 
for each task was scored dichotomously to include in generalized mixed-effects analyses (1 = correct; 0 = 
incorrect).  

Individual Difference Measures 
Even with random assignment to treatment groups, the robust involvement of individual differences in 
proficiency and memory in vocabulary learning studies motivated the inclusion of six covariate measures 
of proficiency, memory, and processing across both visual and auditory test item modalities (given our 
focus on multimodal learning). Three proficiency measures were utilized (two in the visual modality; one 
in auditory). First, an untimed visual cloze measure (Brown, 1980) was utilized (see Supplemental 
Material 1). Second, the LexTALE task (Lemhöfer & Broersma, 2012; see Supplemental Material J) was 
converted into the auditory modality according to the original design and materials (60 trials in a specified 
order), with audio trials recorded by a female native speaker of English, and standardized using Audacity 
software (Audacity Team, 2023). Third, reading speed was measured through first-pass reading times for 
a two-screen story introduction (see Supplemental Material K).  
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Other recent studies have found strong relationships between phonological short-term memory (measured 
by memory span tasks) and vocabulary learning both of form (Malone, 2018) and meaning (Martin & 
Ellis, 2012), so it was considered important to account for PSTM in both visual and auditory modalities 
(given our focus on bimodal input), while accounting for general processing speed. Two measures of 
PSTM and one of general processing were utilized from the High-Level Language Aptitude Battery (Hi-
LAB; Linck et al., 2013; Doughty & Mackey, 2021): (a) auditory running memory span (Pollack et al., 
1959; see Bunting et al., 2006), in which participants heard lists of 12-20 Roman letters, three per second, 
and were instructed to recall the most recent six letters in order; (b) a visual nonword span (NWS) task 
(Gathercole et al., 2001; Linck et al., 2013), where lists of seven nonwords were presented visually one by 
one, and participants were asked whether a given nonword was in the prior list; and (c) a subset of trials 
from the serial reaction time (SRT) task, to measure processing ability, in which four boxes arranged 
horizontally on the screen indicated four possible locations for an asterisk with each box corresponding to 
a key (Z, X, C, or V). A trial consisted of an asterisk appearing in a box, and participants pressed the 
corresponding key as quickly and accurately as possible in six blocks of 96 trials each. The measured 
score was the mean of median RTs on the first block with lower scores indicating faster processing.  

Procedure 
Table 2 summarizes procedure for Parts 1 and 2, including the language background questionnaire (see 
Supplemental Material L), based on LEAP-Q (Marian et al., 2007). After reading the description of the 
story, participants previewed the comprehension questions, read or read while listening to each chapter, 
and then answered the comprehension questions. RWL participants were reminded with on-screen 
instructions prior to each chapter to read along with the audio, and synchronization of eye movements 
with the audio was monitored. If it was noticeably off, participants were reminded to read along with the 
audio. Surprise vocabulary learning posttests were followed by a short debriefing session (see 
Supplemental Material M). 

Apparatus and Audio Recordings 
The process for eye-tracking measurement followed Conklin and Alotaibi’s (2023) methodological 
considerations. Eye movements were recorded with an EyeLink 1000 Plus desk-mounted eye-tracking 
camera, sampling monocular (right or left) eye movements for each participant at 1000 Hz (SR Research 
Ltd.; https://www.sr-research.com/). During the reading task, participants sat in front of a computer 
screen (screen size: 24 inches, 1920 x 1080 pixels, 60Hz refresh rate) at a distance of 66 cm, utilizing a 
chin and forehead rest for stability. Breaks were provided after each chapter, with re-calibration 
conducted prior to commencing reading the next chapter. The task was presented in 190 trial screens 
across nine chapters, triple spaced, black font against white background, in monospaced 18-point Courier 
New font for psycholinguistic consistency in letter width. 2–7 lines of text were presented on each screen, 
left-aligned, with one-inch margins minimizing spatial recording error, with zero to four targets on a 
given screen, and none presented fewer than four words apart in the first or last line, as the first or last 
word in a line, or the first or last word in a sentence (Godfroid et al., 2018; Godfroid, 2020). Data were 
discarded (119 total data points) for one instance of one target, which was erroneously included as the 
final word in a sentence.  

For both RO and RWL groups, the total time of each trial screen was the duration of the audio recording, 
with an additional two-second transition interval. The RO group was informed that the text would 
disappear, and instructed to read accordingly. Since we allowed freedom of eye movements, participants 
in either group could read as quickly ahead as they wanted, or re-read sections until the trial automatically 
progressed to the next screen. Participants were administered a nine-point calibration prior to each session 
and after each break, as well as drift corrections (participants looking at the center of a black dot at the 
top-left of the screen) at the onset of each screen to minimize spatial recording error. Additional 
calibrations were performed as needed, based on data recording quality.   
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The length of auditory recordings varied from 20–39 seconds per page, with recordings manipulated to 
standardize speech rate and volume using Audacity software. Given findings elsewhere regarding the rate 
of L2 reading being faster than audio for participants at a similar level of L2 English (Conklin et al., 
2020), we utilized pilot data to balance reading and listening speed by setting the audio recordings at 160–
180 words per minute.  

Table 2 

Study Tasks and Procedure in Chronological Sequence 

Part Task(s) Measure(s) Duration 

1 Informed consent N/A <2 min 

1 Proficiency tasks Cloze; auditory 
LexTALE 

15–20 min 

1 Phonological short-term memory  RMS; NWS; SRT 20–25 min 

1 Language background 
questionnaire / participant 

payment 

N/A 5–10 min 

End of Part 1; Part 2 scheduled with each participant on a subsequent day   

2 Informed consent N/A <2 min 

2 Reading task with 
comprehension questions 

(random assignment) 

Reading speed; 
Comprehension 

questions 

65–80 min 

2 Vocabulary posttests Form recognition; 
Meaning recognition; 
Form-meaning recall 

15–30 min 

2 Debriefing / clarification on 
study purpose / participant 

payment 

N/A 5–10 min 

 
Data Analysis 

Eye-tracking Data Pre-processing and Cleaning 
The default cognitive configuration of Eyelink was utilized for parsing eye-movements in the text 
(Godfroid, 2020), as well as the default four-stage fixation cleaning procedure from the Eyelink 
DataViewer program (SR Research Ltd.; https://www.sr-research.com/). No track loss was detected, and 
vertical drifts were manually adjusted. The initial pool of data included 29,631 eye-tracking data points 
for the target pseudoword interest areas (249 interest areas for target pseudowords × 119 participants). 
After preprocessing and cleaning, 972 instances of skips (3.3% of total data points) were removed to 
minimize skew. Thus, the dataset for analysis included 28,659 eye-tracking data points. 
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Individual Difference Variables 
Pearson correlation coefficients were calculated between z-transformed proficiency, memory, and 
processing individual different measures (see Supplemental Material N). These indicated generally weak 
to moderate relationships and, as a result, were included separately in models. Three scores on the SRT 
were missing, but not at random, since they did not reach the minimum threshold for accuracy on the task 
(90%), due either to carelessness or distraction. To account for them, we utilized a random forest 
imputation algorithm using the MissForest algorithm (Stekhoven & Buhlmann, 2012; see Emmanuel et 
al., 2021) implemented by the missForest package in R, and applied to the whole dataset. In this process, 
initial mean/mode information for missing data was imputed, with a random forest method employed to 
predict ability. These three estimated scores replaced missing values. Given the overall engagement of 
these participants, we considered their data useful, so the procedure for imputation provided a method for 
retention.   

Model Building for Eye-tracking and Outcome Data 
Visit count and TRT per visit were measured to compare unimodal and bimodal processing behavior and 
answer RQ1. Model fitting for VC employed a generalized mixed-effects framework utilizing Poisson 
regression, to account for overdispersion in count data (e.g., Lawless, 1987; Ver Hoef & Boveng, 2007). 
To resolve issues with singular fit and nonconvergence, we used the nloptwrap optimizer from the optimx 
package (Nash & Varadhan, 2011) and the partial Bayesian method implemented in the blme package 
(Chung et al., 2013) to force relevant random-effects matrices away from singularity. Fixed effects for the 
model were group (dummy-coded RO vs. RWL), instance, and a group by instance interaction term, with 
individual difference measures as covariate predictors.  

TRT per visit was calculated by dividing TRT by VC for each interest area. We inspected the TRT per 
visit data using raw mean plots, including smoothers utilizing the loess method, to examine longitudinal 
effects from the first to the tenth instance. Initial plots indicated possible non-linear (S-shaped) changes, 
so we treated repeated occurrences as a time-course variable for growth curve analysis for the TRT per 
visit variable (Mirman, 2014; Hui, 2021). The linear term of the instance variable (Instance1) as well as 
higher polynomial terms including quadratic (Instance2) and cubic (Instance3) were included during initial 
model building as predictors. Model fitting for TRT per visit proceeded using the lmer function of the R 
package lme4 (Bates et al., 2015), with restricted maximum likelihood (REML) used as the estimation 
method, and TRT per visit as the outcome variable. As the distributions of reading time data are 
positively skewed, they were log transformed with base e. Independent variables in the base omnibus 
models were as follows: group (dummy-coded RO vs. RWL), linear instance, quadratic instance, cubic 
instance, and the interaction term linear instance by group, with individual difference measures as 
covariate predictors. All exposure terms were changed into orthogonal polynomials prior to model 
addition, to decrease collinearity between instance terms. However, the best-fitting model term according 
to chi-square tests of fit utilizing the anova() model function in R included only the linear term, so the 
best-fitting model for TRT per visit was based on linear mixed-effects regression.  

For RQ2, learning gains on the three dichotomously-scored outcomes (form recognition, meaning 
recognition, meaning recall) were treated as binary outcome variables, and analyzed through binomial 
logistic mixed-effects regression models (Jaeger, 2008) using the glmer function in the lme4 package in R 
(Bates et al., 2015). High scores on the distractor items on the form recognition task (70-85% accuracy) 
provided evidence that participants were able to reject distractors accurately. As a result, they were 
removed from the main analysis for parsimony, with only target items included in analytical models for 
group comparisons, following other recent studies (Mohamed, 2018; Godfroid et al., 2018; Tuzcu, 2023).  

Models for eye-tracking (RQ1) and learning outcomes (RQ2) specified the categorical predictor group 
(dummy-coded RO (0) vs. RWL (1)), with covariate predictors specified by individual difference 
variables. Comparability between individual difference predictors was achieved through z-
transformations to center and scale, with random intercepts at the participant and item level included in 
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model building. For all models, random slopes were tested in maximal models, and included when they 
did not result in model singularity or non-convergence. Models were fitted separately for each measure, 
with a forward stepwise approach for random effects of best fit, followed by a backward stepwise 
approach to fixed effects model fitting, initially including all covariates. Effect sizes for the group 
comparisons were reported as Incidence Rate Ratios for visit count and Cohen’s d for TRT per visit and 
learning outcome measures (see Supplemental Material O for variables and syntax).  

Results 

Individual Differences, Comprehension, and Measurement Reliability 
Supplemental Material P provides descriptives for individual difference variables. 27 comprehension 
questions (three per chapter) were administered (see Supplemental Material Q), with high scores 
indicating that participants were engaged with the text. Supplemental Material R provides information 
regarding reliability of measurement, with overall reliability (Rasch IRTs: .51–.72; Cronbach’s α / split-
half: .75–.98) considered acceptable. 

Eye-tracking Results (RQ1) 
Table 3 and Table 4 and Figure 1 and Figure 2 indicate descriptives for VC and TRT per visit. Inferential 
model comparisons for simple, maximal (not including random slopes), and best-fitting models for VC 
and TRT per visit are provided as Supplemental Material S–T. The best-fitting regression model for VC 
(see Figure 3) included significant simple effects of group (RO = 0; RWL = 1) (IRR = -0.07, SE = 0.03, p 
= .01), indicating more visits to targets for the RO group, and a significant effect of instance for the RO 
group (IRR = -0.01, SE = 0.00, p = .02), but not upon releveling the model with RWL as the baseline 
(RWL = 0; RO = 1) (IRR = -0.00, SE = 0.00, p = .18), indicating that VC decreased in the RO group 
significantly from the first to the tenth exposure, but RWL did not. However, no group by instance 
interaction was revealed (IRR = -0.00, SE = 0.00, p = .51), indicating that the decrease in VC across 
instances was not significantly higher in RO than RWL. Reading speed (IRR = 0.05, SE = 0.01, p < .001) 
and TRT (IRR = 0.37, SE = 0.00, p < .001) were significant covariate predictors of VC in the best model.  

Table 3 

Means, Standard Deviations, and 95% Confidence Intervals for Visit Count by Group 
 Reading Only Reading While Listening 

Instance n M SD 95%CIs n M SD 95%CIs 

1 60 1.87 0.32 [1.79, 1.95] 59 1.71 0.33 [1.62, 1.80] 

2 60 1.79 0.31 [1.71, 1.87] 59 1.68 0.29 [1.61, 1.75] 

3 60 1.75 0.34 [1.66, 1.84] 59 1.61 0.28 [1.54, 1.68] 

4 60 1.79 0.35 [1.70, 1.88] 59 1.71 0.26 [1.64, 1.78] 

5 60 1.65 0.30 [1.57, 1.73] 59 1.55 0.26 [1.48, 1.62] 

6 60 1.81 0.33 [1.72, 1.90] 59 1.71 0.31 [1.63, 1.79] 

7 60 1.60 0.28 [1.53, 1.67] 59 1.57 0.25 [1.50, 1.64] 

8 60 1.59 0.25 [1.52, 1.66] 59 1.54 0.26 [1.47, 1.61] 

9 60 1.61 0.28 [1.54, 1.68] 59 1.53 0.21 [1.48, 1.58] 

10 60 1.64 0.24 [1.58, 1.70] 59 1.61 0.30 [1.53, 1.69] 
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Table 4 

Means, Standard Deviations, and 95% Confidence Intervals for TRT per visit by Group 
 Reading Only Reading While Listening 

Instance n M SD 95%CIs n M SD 95%CIs 
1 60 363.16 73.89 [344, 382] 59 395.59 58.04 [381, 411] 

2 60 376.33 71.23 [358, 394] 59 401.35 70.94 [383, 419] 

3 60 354.53 71.60 [337, 383] 59 404.98 70.89 [387, 423] 

4 60 368.34 71.33 [350, 388] 59 408.19 88.30 [385, 431] 

5 60 394.08 82.15 [373, 415] 59 393.60 76.35 [374, 414] 

6 60 356.34 73.55 [337, 375] 59 386.23 68.53 [368, 404] 

7 60 370.02 70.14 [352, 388] 59 411.94 73.41 [393, 431] 

8 60 342.78 74.59 [324, 362] 59 378.29 70.13 [360, 396] 

9 60 349.47 60.21 [333, 365] 59 409.16 67.32 [391, 427] 

10 60 338.83 66.24 [322, 356] 59 383.29 77.94 [363, 403] 

 

Figure 1 

Data Visualization for Visit Count Measure by Group 
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Figure 2 

Data Visualization for Total Reading Time Per Visit by Group 

 

 

The best-fitting linear growth curve model for TRT per visit (visualized in Figure 4) included significant 
simple effects of group (RO = 0; RWL = 1) (b = 0.09, SE = 0.03, p < .001), indicating longer reading 
times for targets for the RWL group, and a significant effect of instance for the RO group (b = -0.13,  
SE = 0.01, p < .001) and when the model was releveled with RWL as baseline (RWL = 0; RO = 1)  
(b = -0.07, SE = 0.01, p < .001). A significant interaction between group and instance (b = 0.06,  
SE = 0.02, p < .001) indicated that TRT per visit decreased faster across instances for the RO group. 
Auditory LexTALE (b = -0.06, SE = 0.01, p < .001) and reading speed (b = -0.05, SE = 0.01, p < .001) 
were significant covariate predictors. Briefly, eye-tracking data indicated more total visits to targets for 
RO (as predicted) and longer TRT per visit in RWL than RO (as predicted). To summarize these results 
related to answering RQ1, we found (a) the RO group visited target item interest areas more than the 
RWL group, following our first prediction, and (b) RWL > RO in TRT per visit, following our second 
prediction. 

Learning Outcome Results (RQ2) 
Table 5 indicates mean outcome scores on the three learning outcomes, which are illustrated in 
Supplemental Material U. The best-fitting logistic mixed-effects model for the form recognition 
outcome (summarized in Supplemental Material V) did not uncover a significant simple effect of 
group (RO = 0; RWL = 1) (b = 0.24, SE = 0.18, p = .18). Visit count (b = 0.14, SE = 0.06,  
p = .02), reading speed (b = 0.26, SE = 0.10, p = .01), and nonword span (b = 0.19, SE = 0.09,  
p = .03) were significant covariate predictors. 
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Figure 3 

Best-fitting Model Estimates of Visit Count across Instances 

 

 

 

Figure 4 

Best-fitting Model Estimates of TRT Per Visit across Instances 
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Table 5 

Descriptive Statistics for Learning Outcome Scores 

 Reading Only Reading While Listening 

 n M (SD) 95%CIs n (average) M (SD) 95%CIs 

Form 
Recognition 

25 18.13 (5.53) [17.34, 18.92] 25 18.71 (5.42) [17.93, 18.50] 

Meaning 
Recognition 

25 13.53 (12.46) [12.90, 14.16] 25 14.22 (12.38) [13.59, 14.85] 

Meaning 
Recall 

25 2.28 (7.20) [1.92, 2.64] 25 4.10 (9.28) [3.63, 4.57] 

 

The best-fitting model for the meaning recognition outcome (summarized in Supplemental Material W) 
did not uncover a significant simple effect of group (RO = 0; RWL = 1) (b = 0.09, SE = 0.12, p = .47). 
Cloze (b = 0.21, SE = 0.07, p = .002) and auditory LexTALE (b = 0.22, SE = 0.07, p = .001) were 
significant covariate predictors. The best-fitting model for the meaning recall outcome (summarized in 
Supplemental Material X) revealed a significant simple effect of group (RO = 0; RWL = 1)  
(b = 0.96, SE = 0.32, p = .002). Cloze (b = 0.44, SE = 0.16, p = .01), reading speed (b = 0.53, SE = 0.16,  
p < .001) and TRT (b = 0.19, SE = 0.08, p = .02) were significant covariate predictors.1 

To summarize findings related to learning outcomes, there were no significant differences on form or 
meaning recognition (contra predictions), but superior learning on the meaning recall outcome in the 
RWL group (as predicted). Summed TRT was a significant predictor of meaning recall, but not form or 
meaning recognition, while summed VC was a significant predictor of form recognition.  

Discussion 

Unimodal and Bimodal Processing: Fewer and Longer Visits from RWL 
The present study was designed to examine vocabulary processing and learning effects on a subset of 
multimodal conditions (RO vs. RWL) during a contextualized digital reading task, and the involvement of 
VC and TRT on learning outcomes. We operationalized exposure frequency at the individual level 
through the VC variable, while including TRT per visit as a more fine-grained indicator of processing 
length for each new word across encounters. We predicted that faster reading speed in the RO group, 
compared with slower simultaneous reading and listening in the RWL group, would result in fewer and 
longer visits to target interest areas from bimodal RWL, which the visit count and TRT per visit data 
supported. Even as both groups were given the same total time on task, RWL participants looked fewer 
times, but longer each time, at unfamiliar words. We interpret this finding as evidence that bimodal input 
changes the nature of encounters with unfamiliar words in important ways, facilitating a slower and 
smoother overall continuous reading process, minimizing returns to unfamiliar words, and potentially 
increasing the likelihood of noticing them the first time. This finding supports a theoretical reimagining of 
the exposure frequency variable as it relates to multimodal input, with the current study providing initial 
evidence that the duration of encounters may be equally or more important than the overall number.  
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With a similar population of L2 English readers at the advanced level, Conklin et al. (2020) found that the 
RWL group had fewer fixations, more immediate regressions, and fewer skips compared with silent 
reading. Our findings indicate fewer total visits to new words from RWL (i.e., less doubling back and re-
reading), but also that reading times were consistently higher per visit. Since our findings accounted for 
individual reading speed as a covariate, they are more likely explained by differences in input conditions. 
Other studies have examined multimodal processing of both visual and auditory linguistic information 
more broadly alongside images or video (see Montero Pérez et al., 2024), but their mixed findings 
regarding the relationship between visual presentation of images and/or video alongside linguistic 
information in processing unfamiliar words make generalizations challenging. As this is the first study to 
employ these measures of processing in comparing RO and RWL, further research is urgently needed, but 
our findings suggest that individual processing of new L2 words is different during bimodal digital RWL 
than unimodal digital RO. Additionally, the significant role of reading speed as an individual difference 
predictor, which no other study has measured or reported, should be noted, as well as the fact that 
significant differences in VC and TRT per visit were robust to reading speed.  

Vocabulary Outcomes: Learning and Processing Predictors 
Related to learning outcome scores by modality, our findings indicated no significant group differences in 
form or meaning recognition, contra some of our predictions regarding superior learning from RWL. 
However, results from the more difficult meaning recall task indicated superior learning from RWL. We 
interpret these findings to mean that for our participants, after 10 encounters with new words, substantial 
learning occurred both in form and form-meaning connections regardless of input type. This follows 
previous findings reporting learning of both form and meaning of new words from contextualized reading 
after 10 instances (Webb, 2007; Godfroid et al., 2018; Teng, 2019). Additionally, mean scores were 
higher from RWL than RO across all three tasks, reaching significance in meaning recall, indicating 
superior learning from bimodal input in the most difficult of the three tasks, even while accounting for a 
battery of individual differences. Other studies comparing vocabulary learning outcomes from RO and 
RWL have focused on the first few encounters with new words (e.g., Malone, 2018; Chen, 2021), or 
learning from variable repetitions (Webb & Chang, 2015; Tuzcu, 2023), while broader multimodal studies 
including images and/or video have consistently reported better outcomes from multimodal input 
including both text and audio (see Montero Pérez et al., 2024 for an overview).  

These results align with theoretical models: vocabulary knowledge progresses from initial form-form 
(phonological/orthographic) to form-meaning connections (e.g., Chaudron, 1985; Bordag et al., 2022). A 
plausible explanation for our findings is that form-form connections were accelerated in RWL by the 
simultaneous presence of phonological and orthographic information during the first few exposures; 
during subsequent encounters, recognition would be faster, freeing additional mental resources for deeper 
semantic processing, and resulting in better integration of new words and stronger memory encoding 
(evidenced by superior meaning recall scores). Additional research could test these possibilities by 
examining the point at which familiarity occurs within RWL and RO separately, likely during the first 4–
6 exposures (see Pellicer-Sánchez, 2016). Broadening out to other findings within multimodal digital 
learning studies in CALL, the mixed findings regarding which type(s) of multimodal input may be most 
beneficial (see Montero Pérez et al., 2024) may indicate that, in the digital learning environment, there 
may be an optimal amount of linguistic and/or non-linguistic information presented to learners that allows 
sufficient time for processing during a meaning-focused task while not overburdening limited cognitive 
resources (see Sweller, 2011). RWL may provide a relatively simple approach for materials development 
in the digital CALL environment, by providing both phonological and orthographic information without 
the added variability of still or moving images.  

The relative involvement of summed TRT and VC as predictors of learning was also examined. Results 
indicated that summed TRT was not a significant predictor of learning gains beyond VC in form or 
meaning recognition, which differs from Tuzcu (2023). However, TRT predicted the meaning recall 
outcome, following other recent studies (e.g., Godfroid et al., 2018; Mohamed, 2018) in indicating that 



 Language Learning & Technology 
   

 
 

64 

form-meaning mapping is more likely when additional time is given to targets. Additionally, VC was an 
independent positive predictor of the form recognition measure beyond TRT, indicating that the learning 
of form may be sensitive to total encounters beyond TRT. The involvement of reading speed as a 
significant predictor of form recognition and meaning recall outcomes, even when controlling for a 
variety of other cognitive individual differences, is also a new finding while findings connecting PSTM 
(nonword span) and form recognition learning follow other recent findings (Malone, 2018). Further 
research should explore in more depth the relative involvement of individual differences in proficiency 
and memory especially in reading speed.  

Limitations, Implications, and Future Directions 
The present study was limited in duration and cross-sectional in nature, with immediate posttests only, 
which limits the findings of this study to initial stages of learning. The ecological validity of the study 
was balanced in both directions, with environmental factors controlled, combined with a naturalistic and 
continuous story for the task. We followed other recent work (e.g., Elgort et al., 2018) in utilizing 
pseudowords to ensure no prior knowledge. This, however, is a limitation. The varied L1s among 
participants, while semi-controlled in group assignment, meant that multiple L1 scripts were represented 
in the study, limiting generalizability. Additionally, the participant group was fairly homogenous in being 
educated university students.   

One research and two pedagogical implications emerged from our findings. In terms of research, this 
study demonstrates clear evidence that bimodal conditions changed the way words were encountered, 
both at group and individual levels, evidenced by processing results. As such, future research studies 
should account both for global (i.e., text-level) and individual (i.e., VC, TRT) encounters with new words 
during the task. At the pedagogical level, this study provides two implications. First, these results provide 
concurrent support for the growing body of research indicating that multimodal language learning 
conditions can result in better learning of semantic information (e.g., Malone, 2018; Montero Pérez et al., 
2024), with the implication that bimodal RWL should be a normal part of learning in the digital 
environment. Secondly, we also note that participants in the present study were reminded to read along 
with the audio, and that the RWL group was monitored for audiovisual synchrony. It may be that 
differences in processing and learning outcomes could result from participants slowing down their 
reading process by following along with the audio. As such, classroom instructors should consider the 
potential impact of task instructions.  

Conclusion 

The current study was designed to triangulate processing measurement with vocabulary learning 
outcomes and examine how bimodal conditions impact processing and learning during reading. Results 
indicated that the RWL group demonstrated a smoother, slightly slower reading process, with fewer and 
longer visits to target areas than RO. Learning outcome analyses indicated higher scores for RWL in all 
three tasks, although the difference only reached significance in meaning recall. Additionally, TRT 
significantly predicted meaning recall over and beyond VC, whereas VC significantly predicted form 
recognition over and beyond TRT. Importantly, these findings included analyses that accounted for 
multiple cognitive individual differences. These findings shed additional light into contextualized learning 
of new L2 words, both in processing and outcomes, and the way bimodal conditions can impact both. 

Acknowledgements 

I would like to acknowledge and thank the three sources of grant funding for this project: the Duolingo 
Doctoral Dissertation grant program, the Language Learning journal dissertation grant program, and The 
International Research Foundation for English Language Education (TIRF) doctoral dissertation grant 
program. I would also like to extend my gratitude to the participants of this study, whose effort, 
engagement, and curiosity made the project much more enjoyable for me and my team.  



Jonathan Malone 
    

     
 

65 

Note 

1. Reviewers noted the possibility that the inclusion of auditory test items could account for the benefits 
of RWL, given that RWL included auditory input. To test this, we ran follow-up analyses for each 
learning outcome for visual items only, and found the same results. There were no significant simple 
effects of group (RO = 0; RWL = 1) on visual-only items on the form recognition (b = -0.09,  
SE = 0.21, p = .65) or meaning recognition (b = -0.05, SE = 0.14, p = .74) outcomes, but there was a 
significant simple effect of group on visual items for the meaning recall outcome (b = 0.63,  
SE = 0.29, p < .05). In other words, the effects of group (RWL > RO) on meaning recall learning 
were robust to item modality. 
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