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Abstract

This study examined how timing influences writing behaviors and associated cognitive activities
in second language users during computer-assisted collaborative writing and whether task
complexity mediates this relationship. The study involved 56 Chinese participants with English
proficiency levels at CEFR B2 and Cl. They were randomly arranged into 28 pairs. Each pair
completed two counterbalanced writing tasks in a reading-to-write format, differing in cognitive
complexity. The simple task version involved summarizing a single text, whereas the complex
task version required writing a summary of three texts. Keystroke logging software tracked the
participants’ typing behaviors during the tasks. In addition, eight pairs were selected through
stratified sampling for stimulated recall interviews immediately after completing the second task.
Analyses using linear mixed-effects models revealed significant time effects on the duration and
frequency of within-word pauses and revisions at various levels, as well as two interaction effects
between time and task complexity for between-subsentence pause length and between-sentence
pause frequency. These results, together with stimulated recall comments, highlight the dynamic
interplay between time- and task-related factors during the collaborative writing process.
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I Introduction

Collaborative writing refers to the activity of learners working together to produce a text
throughout the writing process (Storch, 2013). This writing practice has accumulated
increasing attention over the past decades as a tool to promote learners’ writing develop-
ment. As compared with individual writing, collaborative writing has been found to pro-
mote the accuracy of text production (Elabdali, 2021). In addition, it creates language
learning opportunities that are thought to benefit second language (L2) learning pro-
cesses (Storch, 2021). Nevertheless, little is known about the cognitive processes
involved in collaborative writing, as most of previous process-oriented research focused
on the social aspects of collaboration (Storch, 2019). However, since collaborative writ-
ing involves both social and cognitive elements, it is also important to examine learners’
writing behaviors and the underlying cognitive activities. A better understanding of these
processes can help identify writing challenges and support the development of more
personalized L2 instruction (Révész et al., 2019). Therefore, the present study adopted a
cognitive perspective to investigate L2 users’ writing activities in collaborative writing.

In this study, collaborative writing was conducted among university students, given its
growing relevance to this population. Collaborative writing tasks are increasingly inte-
grated into university programs, requiring students to produce joint pieces of writing,
reflecting real-life writing tasks such as coauthoring project reports and articles.
Collaborative writing can take place either face-to-face or via computer-mediated com-
munication. We chose to focus on face-to-face computer-assisted collaborative writing
because it has been shown to promote more effective collaboration compared with com-
puter-mediated settings (e.g., Rouhshad et al., 2016). Our research specifically aimed to
explore how cognitive processes differ across writing periods and how task complexity
may influence the temporal distribution of collaborative writing processes. We focused on
task complexity, the inherent cognitive demands of tasks (Robinson, 2001), with a view
to providing language teachers with insights on how to sequence collaborative writing
tasks effectively, considering the potentially different cognitive load imposed by various
versions of collaborative writing tasks. We chose to concentrate on integrated writing (i.e.,
creating a text using source materials) rather than independent writing (i.e., solely relying
on one’s own resources) to better reflect real-world academic writing practices. To gain a
fine-grained picture of writing processes, we adopted a mixed-methods approach, inte-
grating keystroke logging and stimulated recall data, being among the first to employ
these techniques in combination to investigate collaborative writing processes.

11 Background

| Theoretical background

Among cognitive models of writing (e.g., Hayes, 2012), the current study draws upon
Kellogg’s (1996) and Rijlaarsdam and van den Bergh’s (1996) theoretical work on writ-
ing processes. Kellogg’s writing model, though initially developed to describe first lan-
guage (L1) writing, is well-suited for research on L2 writing processes (Révész &
Michel, 2019). Unlike other writing models, it places greater emphasis on linguistic
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encoding processes, which are a notable challenge in L2 writing (Révész et al., 2019).
The model identifies three systems of text production: formulation, execution, and moni-
toring. Formulation involves planning structure and content, retrieving information, and
translating ideas into language. Execution controls the motor skills needed to write or
type. In monitoring, writers review and edit their text to correct any discrepancies or
errors. The model depicts writing as an interactive and recursive process, with the three
systems working together and, thus, making it possible for each writing activity to occur
at any time. However, the writing process is more prone to interruptions in L2 than L1
writing, as breakdowns in the translation process are more likely to occur, due to L2
learners’ limited processing capacity (Leow, 2015) and L2 knowledge.

One limitation of Kellogg’s model is its lack of detail regarding how these cognitive
processes occur in parallel throughout the writing process. Rijlaarsdam and van den
Bergh (1996) suggest that the likelihood of engaging in a particular cognitive writing
activity change at different stages of writing. In other words, specific behaviors are more
likely to happen at certain times rather than others. For instance, planning activities are
more common in the early stages of writing. In addition, the same cognitive activity may
play different roles at various points in the writing process. The function of an activity at
any given time depends on the context and the preceding activities that have triggered it
(Rijlaarsdam & van den Bergh, 2006).

2 Writing processes and the time course of writing

Inspired by Rijlaarsdam and van den Bergh’s (1996) work, a growing body of research
has examined the temporal nature of L2 writing processes. Earlier studies investigated the
evolution of writers’ cognitive activities over time, primarily through participants’ concur-
rent verbal reports (Manchon & Roca de Larios, 2007; Roca de Larios et al., 2001, 2008;
Tillema, 2012; Van Weijen, 2009). L2 writers were found to engage in planning-related
activities predominantly at the beginning of a writing task and focus on formulation dur-
ing the middle stages. However, findings on the temporal distribution of revision activities
were less consistent. Some researchers (e.g., Roca de Larios et al., 2008) observed a grad-
ual increase in revision behaviors over time, whereas others (e.g., Tillema, 2012) reported
that revision activities were evenly distributed throughout the writing process.

More recent studies have utilized keystroke logging software, either alone or in con-
junction with other methods, to analyze learners’ writing behaviors. Van Waes and
Leijten (2015) found that L2 writers’ text production, measured by the number of char-
acters typed, progressively decreased over time. In a study by Xu and Qi (2017), univer-
sity students with higher writing abilities produced longer and less-frequent pauses
during the initial writing phase, whereas less skilled writers exhibited longer and less-
frequent pauses in the second interval. These results were partially supported by Barkaoui
(2019), who observed that the initial writing period involved less-frequent but longer
pauses, regardless of task type or L2 proficiency. In addition, Michel et al. (2020) noted
that the fewest characters were produced in the final writing period, with a higher fre-
quency of pauses occurring in the middle periods.

The findings on revision behaviors were less consistent. In Barkaoui’s (2016) study,
students produced the most revisions during the middle period of writing. When these
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revisions were further categorized by their location, slightly different conclusions
emerged. Precontextual revisions (i.e., revisions made at the point of inscription) were
found to occur more often in the middle period, whereas contextual revisions (i.e., revi-
sions made prior to the point of inscription) were more frequent in the final writing
period. Conversely, Ganem-Gutiérrez and Gilmore (2018) observed a relatively stable
trend in revising behavior throughout the writing process. In a study of L2 Chinese learn-
ers’ revision behaviors, Lu and Révész (2021) found that overall and precontextual revi-
sions were more common in the middle periods, whereas the frequency of contextual
revisions increased from the beginning to the end of the writing process. Similarly,
Révész et al. (2023) discovered that participants tended to make more revisions in the
later stages of writing.

Collectively, these studies provide empirical support for the dynamic nature of the L2
writing process. In the initial writing stages, writers were found to focus on planning the
organization and content of their texts, as indicated by their verbal comments, and longer
but less-frequent pauses recorded by keystroke logging. Verbal protocol data suggest that
formulation typically occurs in the middle stages, which aligns with the observation of
shorter, more-frequent pauses and local revisions occurring at the point of writing. In
most studies, the final periods of writing saw an increase in revisions made to previously
written content, suggesting increasing monitoring activities as the writing process
progressed.

3 Task complexity, collaborative writing, and the time course of writing

Although previous studies have provided empirical insights into the dynamic processes
of L2 writing, they have generally overlooked how manipulations in task design might
influence the writing process. In contrast, task effects have received significant theoreti-
cal attention in L2 speaking research, particularly concerning the concept of task com-
plexity (Robinson, 2001).

Inspired by this concept, a few studies have begun to investigate the effect of task
complexity on L2 writing processes. In Révész et al.’s (2017) study, task complexity was
operationalized as whether extra ideas were available in an argumentative essay.
Participants in the simple task exhibited less-frequent pauses but more-frequent revi-
sions and reported fewer cognitive activities related to planning. Similarly, Jung (2020)
demonstrated that, when content support was provided, participants paused less fre-
quently and for shorter durations and produced fewer inserts. However, neither study
explored how task complexity moderated these differences across different periods of
the writing process.

The temporal dimensions of learners’ writing processes in collaborative writing have
received limited attention. In Mak and Coniam’s (2008) exploratory study, a group of
four students’ writing change functions were recorded across three phases. However, due
to asynchronous collaboration on Wiki, each phase lasted two weeks. Other studies
divided the writing process into three phases including planning, composing, and revis-
ing and reported the length and/or proportion of each phase (McDonough et al., 2016;
Teng & Huang, 2021; Wigglesworth & Storch, 2009). These studies also examined the
occurrence of writing activities by coding and categorizing pair dialogues. Nonetheless,
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it is noteworthy that the division still treats writing as a linear process, without account-
ing for the possibility that the same writing activity might occur at different times
throughout the writing process (Rijlaarsdam & van den Bergh, 1996). In addition, these
coded writing activities were not analyzed in relation to the specific time at which they
took place.

Little is known about the effect of task complexity on collaborative writing processes.
One exception is the study conducted by Hsu (2020), which explored the influence of
task complexity on pair dynamics. In the study, dyads performed two asynchronous writ-
ing tasks that varied in their level of reasoning demands. In contrast to the researcher’s
expectations, the findings did not indicate a significant effect of task complexity on pairs’
interaction process. Although this study offered valuable insights, it did not address how
task complexity might shape the temporal distribution of writing behaviors and cognitive
activities involved in collaborative writing.

1l Research questions

Inspired by previous theoretical and empirical work, this study explored the effect of
writing period and its interaction with task complexity on writing behaviors and underly-
ing cognitive activities in the context of computer-assisted collaborative writing. We
proposed two research questions.

In computer-assisted collaborative writing:

1. To what extent does writing period influence writing behaviors and cognitive
activities?

2. To what extent does task complexity mediate the influence of writing period on
writing behaviors and cognitive activities?

We analyzed writing behaviors in terms of speed fluency, pausing, and revision.
Cognitive activities were reported in stimulated recall interviews. To consider the influ-
ence of writing period, we split each writing session into five equal time periods. Task
complexity was operationalized as the need to summarize one complete text (the simple
task version) or three texts (the complex task version).

IV Method
| Design

The dataset for this study is part of a larger research project (Rong & Révész, 2025) that
includes both collaborative and individual writing samples. In this study, we focus solely
on the collaborative writing data of 56 participants organized into 28 randomly assigned
pairs. Each pair completed two collaborative writing tasks on two different topics:
nuclear power and driverless cars. We designed a simple and complex version of a read-
ing-to-write task and presented the resulting task versions with task complexity and topic
counterbalanced across pairs. To capture participants’ writing behaviors, we used the
keystroke logging tool Inputlog (Version 8.0.0.17, Leijten & Van Waes, 2013), which
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recorded participants’ keyboard and mouse activities. In addition, we employed screen
recording software to capture the laptop screen. Data of participants’ cognitive activities
associated with the writing behaviors were collected through stimulated recall inter-
views. Eight pairs, selected using a stratified sampling approach taking task complexity
and topic into account, participated in the interview immediately after their second task
performance.

2 Participants

Given our G*Power calculations (Faul et al., 2007) and within-participants design, we
aimed for a sample size of 56 participants to ensure adequate statistical power and to
equally cover all counterbalanced conditions. Initially, we recruited 89 Chinese learners
of L2 English but excluded 28 participants based on their proficiency and typing test
results. The remaining 61 participants were eligible for collaborative writing tasks. To
meet the requirements of the counterbalanced design, five additional participants were
randomly excluded from the study. Our final sample comprised 53 women and 3 men,
with ages ranging from 19 to 33 years (M = 24.14, SD = 3.10). All participants were
university students at a London-based university in the United Kingdom. Most were
postgraduate students, with one undergraduate and three doctoral students. Over half of
the participants (n = 35) were enrolled in programs of teaching English to speakers of
other languages and applied linguistics.

3 Instruments

a Proficiency test. We assessed participants’ English proficiency using a practice version
of the Cambridge English Advanced (CAE) test. Chinese participants were less familiar
with this test, which helped minimize any potential inflation of proficiency due to
repeated test-taking or coaching. Only the reading and writing sections of the CAE test
were administered, as these skills were deemed most pertinent to integrated writing task
performance. The reading section was marked by the first author, whereas participants’
performance on the two tasks in the writing section was independently assessed by two
raters. The final writing score was calculated as the average of the two raters’ scores.
Intraclass correlation coefficients (ICCs) indicated good consistency across the raters:
Part 1, ICC (3, 2) = .87 (p < .001) and Part 2, ICC (3, 2) = .80 (p < .001) (Koo & Li,
2016). We excluded participants whose scores fell outside the B2 to C1 range in either
the reading or writing sections on The Cambridge English Scale.

b Typing test. A typing test was used to assess participants’ keyboarding skills. Each
participant completed two 2-minute online typing tests using their personal laptops, fol-
lowing a 1-minute practice test. The tests required participants to type passages as
quickly and accurately as possible with the correction function disabled. One participant
whose result deviated more than three standard deviations from the group mean was
excluded. The average net typing speed, adjusted for accuracy, was 33.41 words per
minute (SD = 7.75) for the final sample.
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¢ Collaborative writing tasks. As mentioned previously, collaborative writing tasks were
designed within integrated writing. Considering the target participants being mostly
postgraduates, integrated writing would be more frequent in the academic environment
than independent writing, therefore leading to increased ecological validity (i.e., the
generalizability of findings obtained in research settings to the real world; Orne, 1962).
From a practical perspective, the target participants were expected to be familiar with
integrated writing and to possess a basic understanding of how to perform an inte-
grated writing task. Our expectation was based on the fact that most participants were
postgraduates and the data collection took place during the second half of the first
academic term.

Task complexity was operationalized as the simple and complex versions of a read-
ing-to-write task. The task version designed to be less complex required participants to
summarize a single article. In contrast, the task designed to be more complex asked
participants to write a summary by integrating information from three texts. The two
source texts for the simple task version focused on different topics: nuclear power and
driverless cars. However, both texts were similar in terms of genre, text structure, and
linguistic complexity. Both were expository articles, and each comprised nine para-
graphs, including an introductory paragraph with a thesis statement of the gist of the text,
seven paragraphs discussing four advantages and three disadvantages related to the topic,
and a concluding paragraph for the current development of the topic. The two texts were
then linguistically modified. The results (see Table S1 in the online supplemental mate-
rial for the text statistics) indicated that the two texts achieved comparable lexical, syn-
tactic, and discourse complexity, as well as readability and word count.

To enhance the cognitive demands of the complex task version while maintaining
comparable complexity and readability of the source texts used in both task versions, we
reorganized the paragraphs of each text used in the simple task version into three shorter
texts with minor modifications. Specifically, we removed the thesis statement and
divided the seven body paragraphs into three texts, each addressing one disadvantage
and one or two advantages of the topic. We also made adjustments to the introductory
and concluding paragraphs to balance the number of paragraphs and word counts across
the three text segments. All text versions are available in S2 in the online supplemental
material.

The pairs who met the selection criteria of the proficiency test and the typing test car-
ried out the collaborative writing tasks in a research lab. Pairs underwent pretask mode-
ling before the first collaborative writing task. As most participants (n = 46) had not had
the experience of collaborative writing prior to the experiment, pretask modeling was
necessary to help them become acquainted with collaborative writing. It was conducted
in the participants’ L1 as a four-step activity adapted from Chen and Hapgood (2021).
The process began with a communicative activity in which participants discussed London
tourist attractions they had both visited. In the second step, participants first shared their
understanding of collaborative writing based on their language learning and, if applica-
ble, teaching experiences. Following this, Storch’s (2019) definition of collaborative
writing was presented. In the third step, Storch’s (2016) four interaction patterns were
introduced to emphasize the need for true collaboration, where each participant has an
equal role in the decision-making process (i.e., equality) and the engagement in each
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Driverless cars, also known as self-driving cars or autonomous cars, are vehicles that
do not need a person to manually control them. A driverless car’s computer system takes
over all driving responsibilities. Using the global positioning system and other
technologies, the car can generate a map of its surroundings to know where it is going,
what is around it and what areas to avoid. Compared to traditional cars, driverless cars
have both advantages and disadvantages.

Self-driving cars have the potential in the future to reduce deaths and injuries from road
traffic accidents. Driver error is by far the biggest cause of car crashes, due to factors
like miscalculations, judgement errors, speeding, drink-driving and phone use. An
alarming 94% of serious crashes are down to human error. Autonomous cars are
equipped with a variety of sensors that very accurately detect cars and other obstacles
in their path. They have automatic programs that control braking and turning to avoid
collisions. The technology involved in self-driving cars could take human error out of
the equation, thereby making our roads safer for drivers, cyclists and pedestrians.

Computerised driving would bring the advantage of less traffic. In normal situations,
human drivers naturally create stop-and-go traffic. even without bottlenecks, lane
changes or merging. This phenomenon is called the phantom traffic jam. Self-driving
cars equipped with data on traffic conditions ahead from connected cars or roadway
sensors might be able to counteract phantom traffic in real time. These vehicles would 0 words -
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Figure |. Screenshot of the task setup.

other’s contribution (i.e., mutuality). Finally, participants practiced a brief collaborative
writing task in 10 minutes, which involved creating a 50-word recommendation for a
tourist attraction in London they had discussed during the icebreaker activity to their
friends.

During collaborative writing tasks, participants sat face-to-face with each other and
worked on individual laptops provided by the researchers. One side of the laptop screen
displayed the source material(s), whereas the other side presented a Google Docs page.
This setup, as shown in Figure 1, enabled participants to collaboratively take notes,
develop outlines, and compose their texts in real time. The writing tasks were framed as
a joint effort akin to magazine editors collaborating to produce an article for their read-
ers. Participants were instructed to draft content intended for a general readership with-
out adding personal perspectives. They were also told not to copy sentences from the
source texts.

To determine the word count and time limit for the tasks, a pilot study was conducted
with 14 participants similar to the target group. Each participant completed a simple task
version individually, resulting in a median text length of 235 words and a median com-
pletion time of 49 minutes. Given that collaborative tasks typically take 1.5 times longer
than individual tasks (Wigglesworth & Storch, 2009), participants in pairs were instructed
to produce between 225 to 275 words within 75 minutes. Pairs were allowed to use L1
for peer interaction during collaborative writing tasks. Nonetheless, participants could
switch between languages at any time if they wished to do so.

d Questionnaires. We administered a background questionnaire to gather demographic
data. After each task performance, participants also responded to a post-task question-
naire (see S3 in the online supplementary file for the questionnaire) with 9-point Likert
scale items (Révész, 2014). The questionnaire first gauged participants’ familiarity with
the topics and content covered in the texts. In addition, one item evaluated participants’
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perceived mental effort involved in reading the source text(s). Given the controlled
complexity, readability, and length of the source text(s), we would expect minimal vari-
ation in participants’ perceived reading mental effort across task versions. Another item
assessed participants’ perceived mental effort during writing, as we wanted to examine
whether, as intended, they exerted greater mental effort in summarizing three texts than
in summarizing one text. Participants’ perceived task difficulty was also evaluated.

e Stimulated recall interview. The stimulated recall interviews were conducted by the first
author to explore the cognitive activities underlying participants’ writing behaviors. To
overcome the influence of pairs’ potential interaction on the recall data, interviews were
conducted individually in a consecutive order with two participants. The researcher pre-
sented participants with screen recordings of their writing processes as stimuli and
instructed them to verbalize what they were thinking during the writing process. The
instructions were adapted from Gass and Mackey (2017) and standardized to ensure the
consistency of the procedure. Participants were encouraged to pause the recording at any
point they wanted to share their thoughts. In addition, the researcher prompted partici-
pants to recall their thoughts when they paused or revised their texts (e.g., “What made
you pause/revise at this point?””) unless they commented on these behaviors on their own.
The interviews were carried out in the participants’ L1.

4 Data collection

Figure 2 depicts the data collection schedule. In the first group session, participants com-
pleted the ethics procedures, the CAE reading and writing practice test, and the back-
ground questionnaire. Shortly after the group session, they took the online typing test.
Next, participants who met the selection criteria were randomly assigned to pairs. In the
second session, each pair engaged in pretask modeling activities and carried out the first
collaborative writing task, followed by the post-task questionnaire. The third session
mirrored the structure of the second session, with pairs completing the collaborative
writing task on a different topic then completing the post-task questionnaire. The session
ended with individual stimulated recall interviews with participants from eight pairs.

5 Data analysis

a Writing behaviors. Before obtaining the writing behavioral data, we split the total time
of each writing session into five equal periods (e.g., Michel et al., 2020; Révész et al.,
2023). We excluded writing behaviors in the initial planning stage (e.g., taking notes,
creating outlines), as they considerably differed from those in subsequent text production
stages (Baaijen et al., 2012). However, instances when participants developed their notes
and directly incorporated them into the final text were considered part of the text produc-
tion phase. Because of this, data for the first period were removed from subsequent sta-
tistical analyses.

We manually coded participants’ writing behaviors in terms of speed fluency, paus-
ing, and revision by using the general analysis produced by Inputlog. Speed fluency was
evaluated using two metrics: production rate (the number of characters typed per second)
and P-burst length (the number of characters typed between consecutive pauses, Baaijen
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Session 1

Session 2

Session 3

Consent form (3 mins)

Pre-task modeling (40
mins)

Collaborative writing
task two (75 mins)

Reading test (90 mins) Collaborative writing Post-task questionnaire
task one (75 mins) (2 mins)
Break (10 mins) Post-task questionnaire Stimulated recall

(2 mins)

interview (avg. 72 mins)

Writing test (90 mins)
Background
questionnaire (4 mins)
Typing test (8 mins)

Figure 2. Data collection schedule.

et al., 2012). Pauses were categorized into linear pauses (inactivity during forward pro-
gression without cursor movements; Hall et al., 2024) and nonlinear pauses. As each
participant was provided with a laptop to type, two Inputlog files were produced in each
task. Each file contained nonlinear pauses during which the text was being produced by
the other participant on their laptop. We excluded these nonlinear pauses due to their
significant variation in duration (several tens of seconds or even minutes). A pause
threshold of 2 seconds was applied (Wengelin, 2006), and pause length and frequency
were measured within words, between words, between subsentences (with a comma),
and between sentences (with a full stop). Frequency was standardized by the number of
pauses per 100 keystrokes. Revision behaviors, including deletions, additions, substitu-
tions, and text movements, were analyzed based on the level of linguistic domain
involved in the revision: below-word, full-word, below-clause, and clause-and-above
(Stevenson et al., 2006). Revisions were also classified as precontextual (revision made
at the point of inscription) or contextual (revision made to the already written text)
(Lindgren & Sullivan, 20006).

To ensure reliability, a second coder independently coded data from eight sessions
(14.3% of the writing sessions), selected through stratified random sampling considering
task complexity and topic. Intercoder reliability was high, with Cohen’s kappa values of
.99 for pausing categorization, .95 for level of linguistic domain of revision categoriza-
tion, and .99 for context of revision categorization.

b Stimulated recall comments. The stimulated recall data were analyzed qualitatively
through a four-step process. First, the data were transcribed and divided into segments.
Each segment represented a participant’s comment on a specific pausing or revision
behavior. In the second step, emergent microcategories were identified. Third, these
microcategories were grouped into broader categories guided by Kellogg’s (1996) model
and into resource use categories based on Michel et al. (2020). A category related to task
requirements was also added to the coding framework (see Table S4 in the online sup-
plemental material for the coding scheme and examples). Finally, the number of
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segments assigned to each category and their percentage within each period for each task
version were calculated. Pausing and revision-related comments were further broken
down by pause location and the linguistic domain and context of revision. Four protocols
(25% of the data) were double-coded, resulting in a Cohen’s kappa of .80. Disagreements
between the coders were addressed through discussion.

6 Statistical analyses

Descriptive statistics were computed in SPSS 29.0.0.0, with outliers identified and
trimmed using a threshold of three standard deviations from the group mean. Logarithmic
or square root transformation was applied to pausing and revision measures, given that
these data were skewed. After normality check, Pearson correlations were conducted for
each set of measures tapping a subconstruct of writing behaviors across the two task ver-
sions to address potential collinearity and reduce the number of analyses. As no very
strong correlations (with correlation coefficients equal to or greater than =.80; Tolmie
et al., 2011) were found between any one measure and every other measure within the
same subconstruct in either task condition (see Tables S5-S10 in the online supplemental
material for the correlational analyzes results), all writing behavior measures were kept
in subsequent analyses.

To investigate our research questions, we constructed linear mixed-effects models in
RStudio (Version 4.3.2, R Core Team, 2023), utilizing the /mer function from the /me4
package (Version 1.1-35.1, Bates et al., 2015). For all models, the dependent variable
was a measure of writing behavior, and the random effects were participant and/or topic.
Including topic as a random effect helped control for potential differences in topic famili-
arity across the source text(s). In models addressing the first research question, writing
period served as the fixed effect. For the models investigating the second research ques-
tion, writing period and its interaction with task complexity were added as extra fixed
effects. In each model, participant-by-period or participant-by-task random slopes were
also added if model boundary fit could still be retained. To obtain effect sizes, we utilized
the rsquared GLMM function from the MuMIn package (Version 1.47.5, Barton, 2020)
to obtain marginal (R*m) and conditional (R?c) R squared values, which assessed the
variance explained by the fixed effect(s) alone and jointly by the fixed and random
effects, respectively. The assumptions of normality and homoscedasticity were con-
firmed by residual plots using sjPlot package (Version 2.8.16, Liidecke, 2020). The p
values for linear mixed-effects models were obtained from the /merTest package (Version
3.1-3, Kuznetsova et al., 2017). The a level was set at .01 to minimize the chance of type
I error.

V Results

| Preliminary analyses

Table 1 provides the descriptive statistics for participants’ familiarity with the two topics
and the contents of the text(s). Table 2 presents the descriptive statistics for participants’
perceived familiarity with topics and content of the two task versions, mental effort
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Table 1. Descriptive statistics for perceptions of topic and content familiarity by individual
participants between topics (N = 56).

Rated item Nuclear power Driverless cars

M SD 95%Cl 95%Cl M SD 95%Cl  95%ClI

lower upper lower upper
Topic familiarity 513 224 452 5.73 5.71 193 5.20 6.23
Content familiarity 5.50 2.05  4.95 6.05 6.07 1.84 558 6.56

Table 2. Descriptive statistics for perceptions of topic and content familiarity, reading and
writing mental effort, and task difficulty by individual participants across task complexity (N = 56).

Rated item Simple task version Complex task version

M SD 95%Cl  95%CI M SD 95%Cl  95%Cl
Lower  upper lower  upper

Topic familiarity 557 211 5.01 6.14 527 210 470 5.83
Content familiarity 5.98 1.94 5.46 6.50 5.59 1.97 5.06 6.12
Reading mental effort  4.55 .75  4.09 5.02 4.89 1.86  4.40 5.39
Writing mental effort  5.13 .70 4.67 5.58 5.88 1.76 540 6.35
Task difficulty 4.38 1.37  4.01 4.74 4.71 140 434 5.09

required to read the source texts and to write their own texts, and overall difficulty expe-
rienced during task performance. According to Table 3, there was no difference in par-
ticipants’ familiarity with the topics (nuclear power and driverless cars) or the content of
the source texts across the two task versions. As expected, neither was the mental effort
exerted during reading significantly different between the task versions. However, par-
ticipants found writing a summary of three texts more mentally demanding than writing
a summary of one text, as predicted. Overall task difficulty ratings were also in the antici-
pated direction, but they did not reach significance. Nevertheless, the mental effort rat-
ings support the validity of our task complexity manipulation.

2 Temporal distribution of writing behaviors and cognitive activities

The first research question explored the extent to which L2 writers show different writ-
ing behaviors and cognitive activities across different writing periods. Table S11 in the
online supplemental material presents the descriptive statistics of speed fluency, pausing,
and revision behaviors by participants across writing periods. Although no statistically
significant results were found for speed fluency, writing period significantly predicted
some measures of pausing and revision behaviors, as detailed in Table 4 (refer to Table
S12 in the online supplemental material for all model results). Turning to the specific
results obtained for pausing, we only found significant effects of writing period for
within-word pauses. Writers exhibited longer pauses within words in Period 5 as com-
pared with earlier periods and displayed more frequent within word pauses in Period 2 as
compared to Period 4. Regarding revision behaviors, writing period showed an impact
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across nearly all measures, except for clause-and-above revisions. Within-word revisions
were more frequent in Period 5 than previous periods. Participants revised full words
more often in Period 5 than in Periods 2 and 3 and revised below-clause revisions more
frequently in Period 5 as compared with Period 2. The increased revision frequency at
various domains also contributed to overall revision being the most frequent in the last
period. When it comes to the context where revision behaviors took place, the frequency
of precontextual revisions declined between Period 3 and Period 5, whereas contextual
revisions increased consistently from Period 2 onward. Although yielding significant
results, the effect size for these models was small. Writing period explained between 2%
and 7% of the variation in these pausing and revision behaviors.

Next, we investigated the effect of writing period on participants’ cognitive activities
underlying writing behaviors. Table S13 in the online supplemental material summarizes
the number and percentage of stimulated recall comments on pausing-related cognitive
activities. Consistent with the trends observed for pausing behaviors, the distribution of
pausing-related comments on planning, translation, and resource-use remained relatively
stable after the initial period. When examining pause locations, the patterns of these
activities also remained consistent throughout the writing process.

Moving onto revision-related cognitive activities, Tables S14 and S15 in the online
supplemental material present the number and proportion of stimulated recall comments
referring to revision behaviors according to linguistic domain and context, respectively.
Similar to pausing, the focus of revision-related stimulated recall comments stayed rela-
tively even across the writing process for both linguistic domain and context. Notably,
however, participants made somewhat increased reference to revisions to meet the task
requirements during the final period (6%) than previous periods combined (less than 1%).

3 Interaction between writing period and task complexity on writing
behaviors and cognitive activities

The second research question examined the extent to which writing period interacted
with task complexity to influence writing behaviors and cognitive activities. Table S16
in the online supplemental material presents the descriptive statistics for speed fluency,
pausing, and revision behaviors by participants across five writing periods in both the
simple and complex task conditions. As indicated in Table 5, we observed significant
interaction effects between the writing period and task complexity for two pausing
behavior measures: between-subsentence pause length between Periods 3 and 5 and
between-sentence pause frequency between Period 2 and Periods 3, 4, and 5 (see Figure
3 for illustration, refer to Table S17 in the online supplemental material for all model
results). The fixed effects in each model accounted for 7% and 17% of the variance,
respectively.

To explore these significant interactions, we separately examined participants’ paus-
ing behaviors across writing period for each task version. However, only one model
reached significance (Table 6). That is, in the complex task condition, participants exhib-
ited more-frequent between-sentence pauses in Period 2 than Periods 3, 4, and 5, with
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Figure 3. lllustration of significant interaction effects (based on raw data).

writing period accounting for 35% of the variance. However, it is important to interpret
this analysis cautiously, as pauses at larger boundaries were produced by only a few
participants in each writing period.

Next, we investigated the extent to which writing period differently influenced par-
ticipants’ cognitive activities underlying the pausing and revision behaviors under
each task condition. Tables S18 and S19 in the online supplementary file present the
summary of pausing-related stimulated recall comments across the two task versions.
Participants reported slightly higher percentage of activities associated with planning
and translation in the middle periods under the simple task condition, whereas transla-
tion-related activities were referenced more frequently in the last period under the
complex task version. Tables S20-S23 in the online supplemental material summarize
the stimulated recall results for revision behaviors categorized by linguistic domain
and context across the two task versions, respectively. The patterns were largely simi-
lar for the two task versions. However, a notable difference was that a higher percent-
age of revisions was attributed to task requirements in Period 5 in the simple task
version (9%) than in the complex task version (1%).
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VI Discussion

| Temporal distribution of writing behaviors and cognitive activities

Our first research question aimed to understand how the progression of writing over time
affects writing behaviors and cognitive activities in computer-assisted collaborative writ-
ing. Specifically, it explored whether different writing behaviors, including speed flu-
ency, pausing, and revision, as well as the underlying cognitive activities associated with
these behaviors, varied across different writing periods. Findings from a series of linear
mixed-effects models indicated that while writing period did not significantly influence
speed fluency measures, it did have significant effects on several aspects of pausing and
revision behaviors. Participants tended to pause for longer durations within words during
Period 5 and more frequently within words in Period 2. Moreover, they engaged in more-
frequent revisions during Period 5 compared with earlier periods. Stimulated recall com-
ments further revealed that participants’ revisions in Period 5 were more often linked to
task requirement-related processes than in previous writing periods.

The findings regarding speed fluency in our study diverge from prior research on
individual writing (Michel et al., 2020; Van Waes & Leijten, 2015). Previous studies usu-
ally observed a fluctuation in speed fluency between the first and/or last period(s) and
middle periods, whereas our participants did not show significant variation in speed flu-
ency across writing periods. This discrepancy in results can potentially be explained by
the distinct characteristics of collaborative versus individual writing processes. In col-
laborative writing contexts, the joint effort in producing a text may alleviate time pres-
sure. This could allow participants more time to engage in collaborative planning of text
organization and content during the prewriting stage. As a result, writers may experience
a relatively smooth writing process across all periods, without significant fluctuations in
text production speed. An alternative or supplementary explanation could be that in col-
laborative writing settings, participants may leverage linguistic and nonlinguistic
resources available to their partners who are typing. They may also alternate in writing
turns, which could contribute to maintaining a stable rate of text production over time.

Our findings for pause length and frequency diverge from previous research focused
on the temporal dynamics of individual writing. Unlike studies by Barkaoui (2019),
Michel et al. (2020), Révész et al. (2023), and Xu and Qi (2017), we found longer pauses
within words in Period 5 and more-frequent pauses within words in Period 2. These dis-
crepancies may be attributed to the unique characteristics of collaborative integrated
writing settings. The collaborative nature of the task may reduce the time pressure, ena-
bling participants to engage more in notetaking and outlining before actual writing
begins. Therefore, in Period 2, participants may have allocated more cognitive resources
to microlevel translation processes, such as spelling and linguistic forms, which are
reflected in more-frequent pauses within words (Torres, 2023). In Period 5, when partici-
pants neared the completion of text drafting, the reduced demand for planning and trans-
lation might have shifted their focus to monitoring for orthographic errors, leading to
longer pauses within words as they reviewed and revised their writing. This reasoning
has been evidenced in the stimulated recall data exemplified in Table 7.
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Table 7. Examples of participants’ cognitive activities related to within-word pausing in
Periods 2 and 5 (translated).

Example | (translation-lexical retrieval, within-word)
Participant 1029Q: | was thinking whether to use “human,” “humans,” or “human beings,” as |
couldn’t decide between these options.

Example 2 (translation-lexical retrieval, within-word)
Participant | 104D: | was thinking about how to spell “customer.”

Example 3 (translation-lexical retrieval, within-word)
Participant | |04E: | was thinking whether | can use the word “controversial.”

Table 8. Examples of participants’ cognitive activities related to revision for task requirements
in Period 5 (translated).

Example | (below-clause, contextual)

Participant 1029F: Because the word count exceeded the limit. The requirement specifies 250
words, with a 10% margin. The maximum is actually 275, but it’s already over 300, so | trimmed
it down to get closer to the required word count.

Example 2 (full-word, contextual)
Participant 1029Y: The original text uses “vulnerable to,” but | didn’t want to use the same
phrase since | couldn’t copy directly from the original text.

Example 3 (below-clause, pre-contextual)
Participant | |03B: This sentence was subjective, and the requirements stated that personal
opinions shouldn’t be included.

Regarding revision behaviors, we observed a gradual increase in revision frequency
from earlier periods to Period 5, which was consistent across revisions at various linguis-
tic levels: below-word, full-word, and below-clause revisions. These findings align
closely with previous studies by Révész et al. (2023) and Roca de Larios et al. (2008),
which also found a higher frequency of revisions occurring in later than earlier writing
periods. Moreover, the increasing frequency of contextual revisions over time observed
in our study mirrors findings by Barkaoui (2016) and Lu and Révész (2021). In our timed
collaborative writing tasks, participants appeared to prioritize drafting a complete text
first, which enabled them to do more extensive revisions to already written portions of
text toward the end of the writing process with a view to refining and improving the
existing content. Such temporal patterns might also reflect participants’ coordination of
the cognitive resources during the writing process. The focus on formulation and execu-
tion during the drafting process probably limited attentional resources for monitoring.
Therefore, participants could only redirect the attention to monitoring when the cogni-
tive resources were alleviated in the last period. This interpretation is further supported
by the stimulated recall data. The examples listed in Table 8 demonstrated participants’
revisions made to meet task requirements, such as keep word limit and avoid direct cop-
ing and personal opinions, in the last period.
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2 Task complexity and temporal distribution of writing behaviors and
cognitive activities

The second research question aimed to explore the interaction effect between writing
period and task complexity on the temporal distribution of writing behaviors and cogni-
tive activities. Out of the 19 measures examined, we identified significant interaction
effects for two indices. Specifically, participants paused longer between sub-sentences in
Period 3 than in Period 5 in the simple task version, whereas participants paused longer
between subsentences in Period 5 compared with Period 3 in the complex task version.
In addition, we observed significantly more-frequent pauses between sentences during
Period 2 than other periods in the complex task version. The stimulated recall data also
indicated that some difference in the temporal distribution of cognitive writing activities
across the two task versions. In the simple task version, a higher percentage of planning
and translation activities occurred in the middle writing periods, whereas the last period
in the complex task version witnessed more translation activities than previous ones. In
addition, revisions made to meet task requirements were more prevalent in the last period
of the simple task version.

Our finding that speed fluency was consistent during the writing process in the simple
and complex task conditions aligns with much of the previous literature. For example,
studies by Jung (2020) and Révész et al. (2017) found similar speed fluency regardless
of task complexity. In contrast, participants in Abdi Tabari et al.’s (2024) study exhibited
greater speed fluency when completing the simple task. However, it should be noted that
the three previous studies only examined speed fluency between the simple and complex
task conditions for the whole writing period rather than across writing periods. The lack
of interaction effects for speed fluency in our study, as previously discussed, might be
attributed to the nature of integrated tasks. This task type probably allowed writers to
plan the entire text before writing regardless of the task complexity manipulation. In
addition, the collaborative aspect of the tasks might have enabled participants type in
turn, thereby avoiding writing breakdowns and maintaining stable speed fluency over
time across both task versions.

Turning to the temporal distribution of pausing behaviors across tasks of varying
complexity, the two interaction effects likely arise from differences in how participants
regulated their progress across the two task versions. The complex task version required
greater initial time for reading, comparing, and contrasting information across the three
source texts. Participants also needed additional time for planning to organize the struc-
ture of their texts. As a result, most participants just began actively composing during
Period 2 under the complex task condition. This intensive planning at the start of the
writing process increased the frequency of between-sentence pauses during Period 2.
Furthermore, the delayed initiation of writing in the complex task condition caused many
participants to still be drafting during Period 5. The cognitive demands of completing
text production under time constraints likely contributed to longer subsentence pauses
during this phase. Recall data also corroborated this trend, as translation activities slightly
increased in the last period. In contrast, the simple task condition, which required less
information integration, enabled participants to begin writing ecarlier, engage more
deeply in cognitive processes during the middle periods, and finish text production
sooner. As a result, the simple task condition did not exhibit significant changes in
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between-sentence pause frequency and experienced longer subsentence pauses during
the middle phases of writing.

Our study did not find any significant influence of task complexity on the temporal
distribution of revision behaviors, contrary to findings from previous studies examining
task complexity effects on the whole writing process in individual writing (Jung, 2020;
Révész et al., 2017). As discussed previously, the collaborative process of joint notetak-
ing and outlining before composing likely contributed to a clearer initial plan, which may
have minimized the need for substantial content revisions during the execution and mon-
itoring phases of writing in either task condition. In addition, the collaborative nature of
our writing task may have reduced time pressure and thus allowed for more thorough
online planning, thereby potentially decreasing the need for extensive revisions regard-
less of task complexity. Furthermore, collaborative writing environments often prompt
discussion about linguistic forms (Storch, 2021), which might have preemptively
addressed language-related issues during both task versions, thereby reducing the neces-
sity for revisions focused on language refinement. However, the stimulated recall indi-
cated that revisions made to meet task requirements in Period 5 almost exclusively
occurred in the simple task condition. This also suggested that participants were able to
allocate more cognitive resources to monitoring in the final period while performing the
simple task version.

3 Limitations and future research

Before drawing conclusions from our study, it is important to acknowledge several limi-
tations that should be considered in interpreting the findings. First, we did not account
for potential variability in collaborative patterns among pairs. While previous research
suggests that interactive patterns do not significantly change with task complexity in col-
laborative writing (Hsu, 2020), future studies could explore how task complexity influ-
ences collaborative patterns in synchronous settings and how these interactions may
affect writing behaviors and the associated cognitive activities over time. Second,
although the source texts used were made to be similar in linguistic complexity, we did
find differences in topic and content familiarity. Future research could investigate the
influence of topic familiarity on the temporal distribution of writing processes. When it
comes to data analyses, our study followed the convention in the literature (e.g.,
Wengelin, 2006) by employing a pause threshold of 2seconds. Using a lower pause
threshold (e.g., 200ms) in future research could provide a more detailed understanding
of pausing behaviors in collaborative writing, capturing more subtle cognitive processes.
In addition, nonlinear pauses, which typically involve peer interaction and role shifts in
typing, were excluded from the analysis due to the considerable variability in their dura-
tion. Future research could incorporate pair talk alongside pause analysis to examine
learners’ writing processes during non-linear pausing. Moreover, this study did not
include data on pair talk. Further triangulation of this type of data would yield more
insights into the collaborative writing process. Another limitation is a lack of information
on participants’ viewing behavior during writing. Reading source texts and previously
produced text is also a key writing process during integrated writing (Michel et al.,
2020), which we did not capture in the current study. Future research could benefit from
triangulating eye-tracking with keystroke logging and verbal protocols to obtain a
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comprehensive understanding of the temporal dynamics of writing behaviors and cogni-
tive activities.

VIl Conclusion

In this study, our goal was to investigate how L2 writers’ speed fluency, pausing, revision
behaviors, and underlying cognitive activities varied across five different writing periods
in computer-assisted collaborative writing tasks. In addition, we have explored the influ-
ence of task complexity on the temporal distribution of these writing behaviors and cog-
nitive activities. Our research yielded two main findings. First, participants exhibited
longer pauses within words and higher revision frequency in the last writing period,
whereas they paused more frequently within words in the second period. Second, partici-
pants in the complex task version paused more frequently between sentences in the sec-
ond period than later periods. From a methodological standpoint, our study highlighted
the usefulness of combining keystroke logging with stimulated recall to capture the tem-
poral evolution of learners’ writing processes in computer-assisted collaborative tasks.

Last but not least, our findings have some key pedagogical implications. Based on our
findings, it would appear that novice academic writers may benefit from engaging in
collaborative writing tasks. The opportunity to collaborate seems to lead to reduced cog-
nitive load, allowing writers to engage in smoother and more fluent text production. Our
results also suggest that learners may be less affected by timing and task complexity
differences when engaged in collaborative writing. In turn, collaborative writing tasks
may have the capacity to push learners to complete tasks that might otherwise be too
demanding to tackle on their own due to constraints imposed by time or cognitive task
demands. Considering that most of our participants were not familiar with collaborative
writing, our study provided evidence in support of promoting collaborative writing prac-
tice in academic writing settings.
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