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Metacognitive prompting has been shown to effectively support Self-Regulated Learning (SRL) in computer-
based learning environments (CBLEs) and thereby enhance learning performance. Adaptive prompting as a
way to successfully tailor prompts to the learners’ needs remains understudied, especially among young learners
in lower secondary education who were shown to be in a critical phase in their development of metacognitive
skills. The present study investigates the effects of adaptive, metacognitive prompting on SRL activities through

self-reports and trace data, and on learning performance. In a pre-post experimental design, 72 lower secondary
students received prompting (n = 38) or no prompting (n = 34). Results show that metacognitive prompting led
to higher self-reported metacognitive SRL activities. It did not result in significant differences in learning per-
formance, however, prior performance level was identified as a significant moderator. Implications for SRL
research with focus on low achieving learners are discussed.

1. Introduction

Learning in computer-based learning environments has attracted
increasing interest from policymakers, educators, and researchers
following the COVID-19 pandemic and the increasing availability of
modern technologies in the educational sector. In these online envi-
ronments, students are given more autonomy to create their own
learning processes, yet, require them to better self-regulate their
learning (SRL; Hew et al., 2023). SRL refers to consecutive, cyclical
activities in which learners adjust their thoughts, feelings, and actions to
attain their individual goals (Zimmerman, 2000). Previous findings in
SRL research indicate that learners’ SRL activities can be improved
through interventions (Ceron et al., 2021; Lee et al., 2019; Wong et al.,
2019; Yen et al., 2018).

Various interventions aimed at assisting learners in their SRL have
demonstrated positive effects on learning performance and related
learning measures. Findings suggest that SRL support can positively
influence educational performance (Espinoza & Genna, 2021; Xu et al.,
2023), mitigate undesirable learning patterns (Lodge et al., 2018),
augment students’ mastery goals (J. Zheng et al., 2020), and emphasize
its impact on enhancing self-efficacy (Samuel & Warner, 2021). More-
over, Putwain and von der Embse (2020) discovered that these in-
terventions were effective in reducing students’ test anxiety.

Nevertheless, it remains evident that numerous sub-processes of SRL
necessitate distinct types of SRL support, appropriately timed within the
educational process, and adapted to the learners’ needs (Heikkinen
et al., 2023). In particular, SRL support aimed at supporting younger
learners in lower secondary school in computer-based learning envi-
ronments (CBLEs) remains understudied.

The present research, therefore, investigates whether adaptive met-
acognitive prompting is an adequate tool for younger learners in lower
secondary school to support their metacognitive SRL activities as well as
their learning performance. The design process of the adaptive meta-
cognitive prompts is presented in detail with the learner-centered
approach including the students in lower secondary school. Process
measures and product measures that were used to evaluate the influence
of the adaptive metacognitive prompts are described in the following.

2. SRL support and learner characteristics

Scaffolding as a way to support SRL has been investigated from
various perspectives including its effects on recall and transfer knowl-
edge (Bannert et al., 2015; Sonnenberg & Bannert, 2016, 2019), on
group activities and group performance (Molenaar et al., 2011), in
educational settings (Azevedo et al., 2004; Bannert, 2007, 2009; Son-
nenberg & Bannert, 2016) and in workplaces (Siadaty et al., 2016a;
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Siadaty et al., 2016b). However, recent research has called for a focus on
person-centered rather than variable-centered approaches in SRL
research (e.g. Chen et al., 2023; Dorrenbacher & Perels, 2016), as
findings of studies indicate that, next to design variations and the choice
of SRL subprocesses, human factors moderate the effects of SRL support
on SRL processes and learning performance (Pieger & Bannert, 2018;
Wong et al., 2019).

Few studies have investigated how learners’ individual differences
influence the effectiveness of SRL support. Prior studies reveal that
achievement goal orientation (Duffy & Azevedo, 2015), achievement
level (Manlove et al., 2007), level of metacognition (Zhang et al., 2015),
level of prior knowledge (Yeh et al, 2010), or cognitive ability
(Sitzmann et al., 2009) appear to moderate the positive effects of SRL
support.

Concerning SRL abilities, Dorrenbacher and Perels (2016b) found
that those with moderate and motivated SRL profiles benefited most
from the SRL support, while those with low and high SRL profiles did
not. Concerning prior knowledge, high levels were found to positively
influence both the use of SRL support (Azevedo et al., 2022; Taub et al.,
2014) and thereby impact learning performance (Bannert & Reimann,
2012; Bouchet et al., 2018; Kramarski et al., 2013). Taub et al. (2014)
found differences between high and low prior knowledge groups in
metacognitive SRL strategies, but not in cognitive SRL strategies, sug-
gesting that prior knowledge is particularly relevant to metacognitive
SRL. Kramarski et al. (2013) examined the effects of generic versus
context-specific SRL support approaches and concluded that 7th-grade
students with high prior knowledge benefited less from the support
than the low prior knowledge group. Concerning ability in terms of
academic achievement, van Dijk et al. (2016) found that high-ability
children used the prompts when presented, compared to moderate or
low-ability children who rarely utilized the prompts. This finding has
also been reported by other studies, such as Munshi et al. (2023) who
found that high and low outcome achievers responded differently to
hints and displayed different learning behavior.

These studies implicate that, in contrast to other studies, it is not only
the features of the prompts that need to be considered when designing
SRL support. Also, the learners’ characteristics play a vital role indi-
cating that certain treatments may be beneficial for different individuals
(Pieger & Bannert, 2018; Snow, 1991). More rigorous investigations are
needed to adapt SRL support to the learners’ individual needs, balancing
their individual learning prerequisites with the required learning
standards.

3. Adaptive SRL support

Recent research has proposed technological solutions that adapt
instructional methods to the learner’s level of expertise and create
adaptive training (Wong et al., 2019). Positive impacts of incorporating
adaptability and individualization into CBLEs have been observ-
edKlicken oder tippen Sie hier, um Text einzugeben., however, when
comparing adaptive scaffolds with no or fixed scaffolds, mixed results
have been found regarding their effectiveness (Li et al., 2023; Munshi
et al., 2023). A key factor that influences the effectiveness of the adap-
tive prompts is the in-situ data on the learners’ current level of knowl-
edge, recently proposed as the foundation of effective scaffolding
(Jarvela et al., 2019).

As learning needs change during the learning process, a valuable
method for discovering learning processes as they occur and linking
those processes to learning performance has shown to be learning ana-
lytics (Heikkinen et al., 2023; Lodge et al., 2018; Winne, 2022). By
means of learning analytics models built on the four stages of data
generation, tracking, analysis, and action (Heikkinen et al., 2023;
Romero & Ventura, 2020), researchers and practitioners can identify
learning behaviors that require intervention and define them as trigger
points to provide support. However, identifying the right data as triggers
for support remains a challenge.
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Several studies have tested the use of different triggers to adapt their
support to the needs of the students. Examples of using learning progress
in a task or a sequence of tasks as a trigger for support can be found in
intelligent tutoring systems (ITS) such as Crystal Islands (Spires et al.,
2011), which implemented a tracking method to measure tasks
completed and then add quizzes at certain points. Also, the learning
environment MetaTutor (Azevedo et al., 2009) which collected data
through multiple channels such as log files and eye tracking, triggered a
pedagogical agent to prompt the students to engage in different learning
strategies (Azevedo et al., 2022). The learning environment Betty’s Brain
incorporated analyzes of ongoing learning behavior to identify students’
learning patterns and key transition points which then served as the
basis for providing students with strategy scaffolds to help them develop
knowledge within the learning environment (Biswas et al., 2016; Mun-
shi et al., 2023) Finally, Molenaar and Roda’s (2008) learning envi-
ronment AtgentSchool provided 5th-grade students with adaptive
scaffolds based on their activities in the e-learning application, learner
characteristics and students’ attention focus.

In understanding how adaptive SRL support can effectively enhance
learners’ SRL and their learning performance in CBLEs, several studies
have investigated the optimal timing for scaffolding and how to tailor
content to the learners’ individual progress and needs. From these
findings, it appears promising to combine accurate diagnosis of learners’
learning processes with adaptive scaffolds that thereby align individual
learning behaviors and learning needs with appropriate SRL support. To
create appropriate SRL support for young learners in particular, more
research is needed to explore their current and supported SRL activities.

4. Adaptive metacognitive prompting in young learners

Previous research has shown that metacognitive skills develop
gradually over time (van der Stel & Veenman, 2010, 2014; Veenman &
Beishuizen, 2004; Veenman & Spaans, 2005). The development of
self-regulation was shown to begin in early childhood (Whitebread et al.,
2007), with elementary forms of metacognitive skills found in preschool
years (Whitebread et al., 2009). As a result of maturational and
age-related changes such as a higher level of executive functioning
(Diamond, 2016) and a shift from an emotional and external orientation
to a more cognitive and internal orientation in their thinking (Montroy
et al., 2016), these skills become more sophisticated during primary
school. Primary school students are, furthermore, shown to have a
growing (metacognitive) awareness regarding their thinking and con-
trolling processes (Perry et al., 2017).

Throughout secondary school, these skills increase in quantity and
quality (van der Stel & Veenman, 2014). Secondary school learners,
however, frequently do not spontaneously regulate their learning,
struggle to adequately plan, monitor, and evaluate their learning (pro-
duction deficit, Flavell, 1979; Veenman et al., 2005), and thus, lack the
skills of a self-regulated learner (Askell-Williams et al., 2012; Lawson
et al., 2019; Vosniadou, 2020). However, the ability to self-regulate
should not be seen as an "all-or-nothing phenomenon" (Schunk &
Ertmer, 2000, p.632), but rather as an ability that can be learned
depending on the developmental stage of the learner (Bronson, 2000). In
the age of ten to twelve years old, in particular, metacognitive skills
were found to be in a critical phase of development. Learners were found
to start to apply metacognitive skills across domains, thus, developing
the ability to generalize strategies that are used in specific domains to
other domains (Veenman & Spaans, 2005).

Due to recent developments in technology and online learning, even
young learners learn in CBLESs, and requires them to apply SRL skills also
in these new learning environments (Broadbent & Poon, 2015). To
address this challenge, prompting has been found to effectively support
metacognitive SRL activities in CBLEs (Guo, 2022; L. Zheng, 2016).
These prompts, as a type of scaffolding, can support learners in all
cyclical phases of SRL (Bannert, 2009). In the forethought phase,
learners can be prompted to analyze the task, set themselves goals, and
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strategically plan their learning process. In the performance phase,
prompts can be aimed at supporting learners to employ strategies to
monitor their learning process and to perform the task. In the final
phase, the reflection phase, prompts can help learners evaluate their
progress against a predefined goal and reflect on and adapt their actions
for future learning (Panadero, 2017; Puustinen & Pulkkinen, 2001;
Sonnenberg & Bannert, 2015).

Many studies analyzing the effects of adaptive metacognitive
prompting in CBLEs have, however, mainly focused on university stu-
dents (for an overview see Lim et al., 2022). Three of the very few
studies that have explored the effects of prompting with young learners
are presented here and the need for adaptivity is identified for each.

Hsu et al. (2017) developed cognitive and metacognitive prompts for
9th-grade students in a web-based learning environment and found that
successful students engaged in metacognitive activities including
monitoring and evaluating during the inquiry tasks while prompted at a
significantly more frequent rate than the less successful students. Also,
their engagement in metacognitive activities was found to be in distinct
sequences. The prompts were, however, neither adaptive in terms of
timing, nor was the content adapted to the students’ needs. They
concluded that crucial learning patterns of successful students were
identified which can serve as a basis to design necessary support for less
successful students. They called for scaffolds that are more dynamically
responsive to individual learning patterns and needs.

van Dijk et al. (2016) conducted a study with 5th and 6th graders,
investigating the effects of prompts on children’s inquiry process and
their learning outcomes. Their results showed that high-ability students
demonstrated a more effective learning process than students with
average and low ability. Also, they made use of the prompts more often
than average and low-ability students who were found to use the
prompts in a limited way. The authors conclude that, for young learners
to effectively use the prompts, domain-specific prior knowledge may be
a factor influencing the ability to better understand the content of the
prompts. The language and the number of prompts were piloted prior to
the study, however, no adaptability was included. Their findings hint at
the necessity of creating adaptive scaffolds that are sensitive to varying
levels of prior knowledge among young learners.

Kautzmann and Jaques (2019) examined the impact of an animated
pedagogical agent giving metacognitive instructions to 8th-grade stu-
dents on metacognitive knowledge monitoring ability and learning
performance. The animated pedagogical agent was highly adaptive
using students’ information to vary both the training content and the
frequency of intervention. Information on the students’ knowledge
monitoring ability, domain knowledge, and problem-solving history was
tracked during every step of the task, and calculated and the probability
of the students’ knowledge was inferred. Reflective actions provided by
the agent were prompts, feedback on inappropriate metacognitive ac-
tions, and self-explanation on metacognitive actions. The results showed
positive evidence that by means of an animated pedagogical agent,
learning performance and metacognitive knowledge monitoring ability
were improved. This approach of adaptive metacognitive instruction
including checks of whether students did what they were asked to
resulted not only in higher metacognitive knowledge monitoring ability
indexes but also in higher task performance. This emphasizes that by
using interventions with nuanced, data-driven scaffolding strategies that
adapt to students’ ongoing metacognitive learning processes, learning
can be influenced positively.

In summary, these studies collectively suggest an important research
gap in the field of SRL: the need for developing sophisticated, adaptive
SRL support for young learners who are in the phase of developing
metacognitive SRL skills. From the research presented, we find that SRL
support for young learners be created age-appropriate and should
dynamically respond to individual learner characteristics as well as their
ongoing learning performance, including learning progress. This in-
volves advanced data analytics to create personalized learning experi-
ences, enabling scaffolds to evolve in real time based on learners’
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changing needs and behaviors. This direction of research holds promise
for enhancing the effectiveness of SRL support, especially for young
learner between ten to twelve years old who are in need of support in
CBLE:s in their phase of developing metacognitive SRL skills.

5. Aim, research questions and hypotheses

Engaging in SRL activities can have a positive impact on learning
progress and learning outcomes (Schunk & Greene, 2017). However,
especially in CBLEs, students require support to successfully perform
SRL activities (Broadbent & Poon, 2015). Metacognitive prompting has
been found to be an effective way to promote metacognitive SRL stra-
tegies in CBLEs (Guo, 2022; L. Zheng, 2016) and has shown to be
particularly beneficial when the prompts are adapted to the learner’s
individual needs (Kautzmann & Jaques, 2019; Lim et al., 2022). To
address the identified research gap in SRL, the present study investigates
whether adaptive metacognitive prompting successfully supports
learners in lower secondary school in their SRL activities and their
learning performance. Therefore, we propose an innovative approach
involving 1) the development of adaptive metacognitive prompts, and 2)
their integration into the highly adaptive and authentic learning envi-
ronment Brainix. With the objective of extending previous SRL research
in CBLEs by focusing on young learners and their development of met-
acognitive skills, the following research questions (RQs) guided the
present study:

RQ1. Do adaptive metacognitive prompts influence students’ (1a)
self-reported metacognitive SRL activities and (1b) their online
learning behavior?

RQ2. Do adaptive metacognitive prompts influence students’
learning performance in terms of (2a) recall knowledge and (2b)
transfer knowledge?

6. Method
6.1. Sample, study design and procedure

A total of 106 German-speaking 6th-grade students voluntarily
participated in the study. Due to illness and technical difficulties, com-
plete data sets of a total of 72 participants (Mg = 10.36 years, SDgge =
0.51 years, 37.5 % female) served for the analysis. A between-subject
design with pre- and post-measurement was chosen for this research.
All participants’ legal guardians gave active informed consent prior to
data collection. Students received a small gift for their participation in
the study.

Students were invited to participate voluntarily in this research
through their schools, including an invitation letter to their parents
explaining the aims of the research and the procedure. While parents
were informed about the aim to investigate the effects of an SRL inter-
vention in a CBLE, learners were not explicitly informed on that matter,
yet, were told that this research is about improving the presented CBLE.

Data were collected in an experimental study with a between-
subjects design including pre- and post-measurements. Students in the
experimental condition received metacognitive prompts (n = 38), while
the students in the control condition did not receive any metacognitive
prompts (n = 34). In order to start the intervention with near-equal
prerequisites, stratified randomization was used to allocate students to
the two conditions.

In total, students were invited to participate in a three-week learning
phase, in which they would work independently in the CBLE, from at
home as well as at school. Learning sessions were chosen freely in their
duration and date by the students themselves. They used their own
device or borrowed one from their school when working independently
at school. Anonymized accounts were handed out prior to the data
collection to each student.

Prior to and past this three-week learning phase, in which the
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learners studied in the CBLE, students were invited to participate in two
data collection days, (see Fig. 1). The timeline of this study was decided
based on the recommendation by Zheng (2016), who analyzed the
duration of treatment as one of four key methodological features and
recommended SRL interventions to take place for two to four weeks.

On the first data collection day, the students completed a test
assessing prior knowledge and a test measuring their SRL skills. Specific
performance levels of the subject English were collected from all stu-
dents. The ratings follow the German grading system from 1 to 6,
recoded for better interpretation. The participants, moreover, received
an introduction to the study procedure and were shown, following
Dignath and Veenman (2021), an explanation video on SRL. The
experimental group received, in addition to the SRL explanation video,
an explanation of the use of the metacognitive prompts in the CBLE.
After studying independently for three weeks in CBLE, students were
invited to a second data collection day, the post-day, on which their
performance was assessed using two tests, a recall, and a transfer test.

The structure for this research procedure was derived from previous
research identifying that for SRL to be appropriately measured process
and product measures are necessary (Azevedo et al., 2010; Fan et al.,
2022; Molenaar et al., 2023). The measurements are thus a combination
of process-oriented trace data learning behavior measures (Du et al.,
2023), product-oriented SRL questionnaire (Pintrich, 1991), and
learning performance measures (Bannert et al., 2015).

6.2. Computer-based learning environment and adaptive metacognitive
prompts

This research is embedded in a CBLE for lower secondary students
called Brainix. It is an enclosed environment in which students are
guided step-by-step through exercises with audio files, texts, grammar
entries, and illustrations. Each exercise is evaluated by the system.
During the study, the students worked in a learning unit estimated for
3.5 hours of study time. The learning unit trained fundamentals of text
writing, grammar, and vocabulary of English as a first foreign language
integrated into the learning scenario of an adventure to a haunted castle.

In total, three prompts and a calendar were created to adaptively
promote SRL in the CBLE. They are based on Zimmerman’s (2000) and
Winne and Hadwin’s (1998) model of SRL and were created using a
Learner-Centered Design approach (Tsvyatkova & Storni, 2019) and the
Design Thinking approach (Plattner et al., 2009). The Learner-Centered
Design ensured that the design was guided by educational and learning
psychological theory and adapts to learners’ needs, while Design
Thinking emphasizes iterative prototyping and user feedback. Learners
were inherently involved in the design process to ensure the usability
and effectiveness of the adaptive metacognitive prompts. With this
approach, it was our goal to follow the idea of co-design and collabo-
ration between researchers and children (Grammenos & Antona, 2018).

The initial development process was inspired by a structured four-
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phase user-centered Design Thinking approach. In the research phase,
a literature review on goal setting, planning, and reflection in SRL
support and interviews with educators informed the initial prompt
design. During design exploration, early prototypes were developed
based on the theoretical frameworks and the empirical findings. In the
prototype building and visualization phase, visual elements such as
icons, progress bars, and drag-and-drop features were integrated to
support comprehension and engagement (David & Sulaiman, 2021).
Finally, in the phase of prototype evaluation, a usability test with
6th-grade students (N = 10) was conducted. Students participated in a
remote session where they described what they saw in the prototype, its
purpose, and whether there were some unclear aspects of the prototype.
In total, the usability test with the learners took about 30 minutes. Minor
ambiguities were identified and resolved before integration into the
CBLE.

Following this phase of prototype building, prototype evaluation,
and prompt integration into the CBLE, a quasi-experimental research
was conducted (the authors of the present paper, in review), measuring
the effects on students’ SRL activities during one learning session using
the think-aloud method. The think-aloud method was used to assess in-
depth how lower secondary school learners (N = 33) engaged in
prompted and unprompted utterances of metacognitive SRL activities.
Based on the results of the coded utterances, more interactive elements
were implemented into the prompts, using more and clickable goal
icons, less text, and required interaction formats. In the present study,
the prompts were presented at the beginning and at the end of the
learning unit which the students worked on over three weeks. The cal-
endar was available throughout the whole learning period.

Two aspects, furthermore, seemed important from the conducted
research and prior research to focus on. First, following, Geurten et al.
(2018), Braad et al. (2022), and Pape and Thomas (in review), the
prompts should be designed to foster domain-general metacognitive
strategies, mainly independent of specific subjects. They aim to enhance
students’ overall learning rather than focusing solely on task-specific
guidance. The focus was, therefore, transferred to more
domain-general SRL strategies. Second, following Koszalka et al. (2019)
and the authors of the present study (in review), the prompts are
designed for interaction, requiring responses from students. These re-
sponses are analyzed and stored, enabling the system to personalize
learning experiences based on the data collected and the progress of
each individual. The prompts, therefore, in this research consist of a
structured response format, which required the learners to answer and
would not allow them to simply continue without a prompt reaction.

From these iterations, the three prompts, the set goal prompt, the
prioritize prompt, the reflect prompt, and the calendar goals planner pre-
sented in the current research are derived. All prompts were presented to
the learners in German, as all of them were beginners in the English
language. For clarity in this paper, they were translated into English.

In the set goal prompt (Fig. 2), students are asked to think about the

4 VY4 N N/ )
Introduction Learning Phase
Yaiiiioe SRL Without metacognitive prompts Outcome
Variables explanation Trace Data Online Learning Behavior ) Variables
Demographics /ﬁ 7~ ~ Recall Test
SRL Skills Introduction Learning Phase Transfer Test
Recall Test SRL & prompt With metacognitive prompts SRL Skills
explanation Trace Data Online Learning Behavior
\ A\ N\ P i
( Pre-Day ) ( Week 1-3 ) ( Post-Day )

Fig. 1. Design and study procedure.
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Your Learning Goal: Ready, Pro or Genius?

Think about how well you want to master the content of the lesson
1.0 At the Skatepark. Choose a learning goal.

Genius

Ready

Challenge: Monday, 06/03/2023

Cancel

Fig. 2. The set goal prompt in the learning environment.

extent to which they want to master the content and thus become
challenge-ready, the minimum level goal, pro, the advanced level goal, or
genius, the highest level goal. To continue, they need to choose one of the
goal icons by clicking on it. Once a goal was chosen, the learners
continued to the next screen. The prioritize prompt (Fig. 3), is designed to
give an initial overview of the upcoming learning unit and tasks and to
guide them in personalizing their learning goals. By dragging and
dropping, students prioritize three learning contents and thereby, decide
for their individual preferences on the learning content.

The goals planner (Fig. 4) contains action plans with learning tasks
recommended as the next learning action. Action plans are adapted to
each student’s individual progress, goals, and prioritization, enabled
through an algorithm that calculates the learning progress of individual
learners, models their learning, and then makes exercise recommenda-
tions that are appropriate to their level of knowledge. Each completion
of a task generates a booking to the learners’ knowledge data bank

Your Learning Goal: Ready, Pro or Genius?

How much practice is important for you in the upcoming lesson?

Assess your skills and assign the learning areas.
%" Content
—

m Grammar
=)

Vocab

« Picture descirption
«» Skating

«» Simple past
« Word families

« Sports
« Sports equipment

Back

Fig. 3. The prioritize prompt in the learning environment.
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which includes task correctness and level of difficulty of the task ordered
by content. The knowledge database contains, for instance, a content
booking in the grammar category on the grammar topic simple past’ or
’comparison of adjectives’ for English language learning. The difficulty
level of the task is categorized according to an adapted version of the
taxonomy by Bloom et al. (1956) by assigning each task to a certain level
in the taxonomy. From the estimates of the total time needed to achieve
a task, learning tasks are preselected and proposed to the learners in the
form of calendar entries planned in 20-min increments. Through cate-
gorization and time calculation, the system continuously tracks the
learner’s learning progress on a task-by-task basis, identifying strengths
and weaknesses and recommending appropriate tasks to train topics that
had been completed with low task correctness. The goals planner as well
as the learning environment Brainix thereby continually adapts to the
learner’s progress and needs, allowing for adaptive and supported
planning and learning. By clicking on the items, students can modify the
action plans for their learning week according to their preferences. They
were given the overview of the tasks and subsequently, encouraged
through the prompts to plan their week timewise and content-wise.
Content was presented and recommended based on the identified
learning issues through the knowledge database.

The reflect prompt (Fig. 5) reports on students’ individual progress
and offers them a choice of next steps to continue their learning paths.
All prompts are adaptive to the student’s progress and include learning
goals visualized by a progress bar and goal icons. They were presented to
the students in German language.

6.3. Measurements

6.3.1. SRL questionnaire

To examine the first research question on the influence of meta-
cognitive prompting on the learners’ SRL (RQ1la), two contextualized
scales of the MSLQ (Pintrich, 1991) were administered in a pre-post
design. The two scales Metacognitive Self-regulation (MSR; 12 items)
and Time and Resource Management (TSE; 8 items) were selected due to
the absence of suitable alternatives of questionnaires concerning meta-
cognition and time management for lower secondary school students
(Koivuniemi et al., 2021). The items in these two scales were translated
from English to German and were subsequently adapted for the present
research in the context of learning. In the pretest, the items referred to
the context of learning in everyday school life (e.g. translated from
German MSR1_11: When I study for class, I set myself goals to manage
my activities in each learning phase). The answers are used as an indi-
cator of the students’ SRL skills prior to the study. In the posttest, items
were adjusted to the context of learning in the CBLE (e.g. MSR1_11:
When I study in Brainix, I set myself goals to manage my activities in
each learning phase). This context differentiation is a result of teachers’
reports that students rarely learn in CBLEs in everyday school life and
therefore cannot evaluate their SRL skills in a digital context prior to the
study. For the posttest, however, the items had to be specific to the CBLE
context as analog school lessons were taking place simultaneously with
the study. The items did not require any further modifications, as the
short items were age-appropriate. As shown in Table 1, the contextu-
alized scales of the MSLQ in the pre-and post-test were reliable, and
additionally, the reliability values were similar to those when originally
validated (Pintrich, 1991).

6.3.2. SRL log data

To investigate the second part of the first research question (RQ1b),
the software LogRocket (2022) was used to collect event-based trace
data logging students’ online SRL learning behavior in the CBLE.
Following Du et al. (2023), the extracted data were combined with
empirical findings to classify SRL processes and subprocesses. In total,
four indicators of the students’ learning behavior were assessed, and
collected during the three weeks of learning in the CBLE. This includes
login duration, login frequency, learning progress, and learning
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Fig. 4. The goals planner in the learning environment.

Learning Goal achieved!

Reédy Pro Genius

Challenge: Monday, 06/03/2023

Next step: Start the challenge or set a new goal.

Start Challenge Become a Pro

Fig. 5. The reflect prompt in the learning environment.

Table 1
Reliability of scales on metacognitive self-regulation and time management of
the MSLQ.

Scale Pretest Posttest

N Items a N Items a
MSR 105 12 0.663 95 12 0.736
TSE 105 8 0.638 95 8 0.685

regularity. Previously, these indicators of learning behavior have been
identified as indicators for SRL activities (Kim et al., 2018; Rodrigues
et al., 2019; van Halem et al., 2020; Wong et al., 2021; Jansen et al.,
2019).

6.3.3. Learning performance tests

To investigate the second research question on the influence of
metacognitive prompting on learning performance (RQ2), two tests
were developed with the help of teachers. A recall test, in which

knowledge was tested using fill-in-the-gaps and multiple-choice exer-
cises, and a transfer test, in which the students were asked to write a long
text in the form of an e-mail on the contents of the lesson. Previous
research has shown that scaffolding of SRL was less likely to influence
recall performance and more likely to impact transfer performance
(Bannert, 2007; Lim et al., 2021; Miiller & Seufert, 2018; Sonnenberg &
Bannert, 2015). Therefore, both performance tests were administered.
The recall test was given to the students as a pre-and post-test in order to
determine both prior knowledge and learning gain. In total, both tests
showed highly significant correlations with the learners’ English grades
and with each other, indicating a good validity of both knowledge tests.

6.4. Data-analysis

For the questionnaire, the recall and transfer tests, descriptives were
calculated. Students were included, if all scales, both recall tests (pre and
post) and the transfer test, had been filled out. For the transfer test, an
evaluation scheme was developed by researchers and teachers. To assess
the interrater reliability, a research assistant independently evaluated
fifteen tests, representing 21 % of the total amount of participants. A
very high intercoder reliability (Cohen’s x = 0.99) was determined.

Concerning the learners’ online learning behavior, login time and
login duration were calculated. Learning progress in the lesson was
determined at the end of the study. From these values, login frequency
and learning regularity were calculated. As these online learning
behavior measures correlate with the time management scale of the
MSLQ, the variables of online learning behavior can be viewed as valid.
If a student logged in several times a day, it was calculated as different
logins. Learning regularity was calculated as the standard deviation of
the average learning interval, adapted from Jo et al. (2015). Scores
obtained with this method correlated highly with other measures of
learning behavior and the Time Management Scale. The average
learning interval can be expressed as shown:

n-1
STAL

A_ti:i:l
n

The value At; stands for the time interval between two learning
phases, i.e. the duration of a learning break (in days), including also the
days from the start of the data collection period to the first login and
from the last login to the end of the data collection period. The value n
represents the number of learning breaks between the first and last
login. The standard deviation of the learning interval was calculated as
follows:
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For inferential analyzes, the data were checked for normality and
outliers. Separate t-tests for independent and dependent variables were
calculated. As the questionnaire items differed in their context, either
the context of everyday school life or the context of the CBLE, no
repeated measures ANOVA was conducted for self-reported SRL skills.
An ANOVA for repeated measures was performed for learning gain. To
further analyze interaction effects, moderator analyzes were conducted
by means of the PROCESS macro by Hayes (2018) which applies ordi-
nary least squares regression, providing unstandardized coefficients for
all effects. Bootstrapping with 5000 iterations samples together with
heteroscedasticity consistent standard errors (HC3; Davidson & MacK-
innon, 1993) was employed to calculate confidence intervals and
inferential statistics. The assumption of normal distribution can, there-
fore, be neglected. Effects were considered significant if the confidence
interval did not include zero. As assessed by visual inspection of the
scatterplots after LOESS smoothing, the relationship between all vari-
ables included in the moderation analysis was approximately linear.

7. Results

Firstly, descriptive and inferential analyzes of the questionnaire,
online learning behavior and learning performance between the treat-
ment groups are presented. Secondly, factors that may influence the use
of the prompts and thereby, the learning outcomes, are analyzed.

7.1. Group differences in learner characteristics

Descriptive and inferential analyzes for learner characteristics are
shown in Table 2. Independent sample t-tests revealed no significant
differences between the groups for learner characteristics assessed in the
pretest MSLQ scales, the prior knowledge measured in the pretest recall
test, and the students’ performance level, the average of learners’ cur-
rent English grades, prior to the study. Additionally, the students’
experience in computer use and Brainix use was collected to detect
differences prior to the intervention, however, no significant differences
were found.

7.2. Effects on self-regulated learning and learning outcomes

To investigate the first research question, the effects of the meta-
cognitive prompts on the students’ SRL skills and their online behavior
were examined. In total, as descriptive analyzes of the log data show,
students worked on average a total of 4h 3min (SD = 1h 56min) in the
learning environment and logged in 6.3 times on average (SD = 3.2).
When they logged in, the learners worked in the environment for

Table 2
Descriptive and inferential statistics of independent variables.
EG (n = 38) CG (n=34) Two-tailed Cohen’s
M sD M sp  pvalue d
Learner Variables
Prior performance 4.16 0.89 4.18 0.87 0.929 —0.021
level
Computer 3.55 0.86 3.47 0.79 0.676 0.099
experience
Brainix experience 0.34 0.48 0.35 0.49  0.925 —0.022
Self-regulation
MSR; 49.92  8.97 48.79  9.96 0.615 0.119
TSE; 43.71 7.27 41.26 8.04 0.180 0.320
Learning Performance
Prior recall 10.18 210 10.21 2.94 0.971 —0.009

knowledge
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00:45:13 (SD = 00:13:19) on average per day. Overall, students had 4.14
(SD = 2.43) pause intervals on average in the data collection period, in
which they did not log into the learning environment, representing a
learning regularity of 4.64 days (SD = 3.04). This indicates that every
four to five days, the students worked in the learning environment.

Investigating group effects on students’ online learning behavior, a
mixed ANOVA including the condition and all online learning behavior
measures was conducted. While both groups show a high value in lesson
progress, the control group (M¢g = 97.91; SD¢g = 10.00) outperformed
the experimental group (Mgg = 86.26; SDgg = 21.89) significantly (¢
(70) = - 0.85, p < 0.001). For login frequency, duration, and learning
regularity no significant group differences were found.

Examining students’ self-reported SRL skills, independent sample t-
tests revealed significant group differences in the Metacognitive Self-
regulation Scale (t(70) = 2.14, p < 0.05). No group differences were
found in the Time Management Scale (¢(70) = 1.1, p = 0.278).
Descriptive analyses show that scale means for the context of everyday
school life (MMSRJ = 49.39, SDMSRI = 9.4; MTSEZ = 42.56, SDTSEZ = 7.69)
are higher than for the context of CBLEs (Mpysgrz = 46.54, SDysr2 =
10.69; Mysgz = 40.28, SD1sp1 = 7.43).

To investigate the second research question, the effect of meta-
cognitive prompting on learning outcomes, learning gain was deter-
mined. An ANOVA for repeated measures found a significant difference
between pre-test scores (Mprerc = 11.56, SDprerc = 0.31) and post-test
scores (Mpostrc = 89.23, SDpostrc = 1.51) concerning recall knowledge,
F(1, 70) = 2587.72, p < 0.001. This suggests that the lesson in the CBLE
Brainix successfully yielded pre-to-post learning gains. To investigate
group differences, a mixed ANOVA revealed no main effects of the
condition on learning outcomes. Descriptives show that the control
group performed better both in the recall knowledge and the transfer
knowledge test than the experimental group, resulting in a negative
effect size for both recall knowledge (Cohen’s d = —0.26) and transfer
knowledge (Cohen’s d = —0.21), indicating small negative effects of the
metacognitive prompts. In Table 3, we present all descriptive and
inferential statistics for all dependent variables.

7.3. Aptitude-treatment-effects on learning outcomes

The non-observance of significant main effects of metacognitive
prompting could be explained by aptitude-treatment effects (Cronbach
& Snow, 1977). It might be the case, that only a subsample benefited
from the metacognitive prompting while it might have been hindering
for other participants. To determine whether the interaction between
treatment and learner characteristics significantly influences recall or
transfer knowledge, moderation analyzes were performed. The results of
these analyzes are reported in Table 4. Key interactions are detailed

Table 3
Descriptives and inferential statistics of dependent variables.
EG (n = 38) CG (n=34) One- Cohen’s
M SD M SD tailed p- d
value

Self-regulation

MSR2 49.03 10.85 43.76 9.95 0.018 0.504

TSE2 41.18 7.66 39.26 7.13 0.138 0.259

Navigation behavior

Login 3:46:22 1:47:17 4:20:39 2:04:05 0.106 —0.297
duration

Login 6.13 3.06 6.44 3.48 0.345 —0.095
frequency

Learning 4.37 2.76 4.95 3.35 0.212 —0.190
regularity

Progress in 86.26 21.89 97.91 10.00 0.003 —0.672
lesson

Learning outcomes

Post-test 12.47 3.22 13.38 3.72 0.135 —0.262
recall

Transfer 6.37 3.85 7.12 3.14 0.186 —0.212




R. Pape and J. Thomas

Table 4

Results of moderation analyzes: Overall models and moderator effects.
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Regression analysis

Moderation analysis

R? F p R? F p 95 % CI
Recall
Treatment & performance level 16.81 3.58 0.018 0.5 0.35 0.554 —0.932; 2.587
Treatment & prior knowledge 25.24 10.42 <0.001 0.5 0.63 0.429 —0.263; 0.805
Treatment & SRL skills 2.37 0.55 0.654 0.5 0.26 0.614 —0.163; 0.096
Transfer
Treatment & performance level 21.22 6.43 <0.001 5.97 6.01 0.017 —3.569; —0.459
Treatment & prior knowledge 8.81 4.44 0.006 2.77 2.08 0.156 —0.241; 1.054
Treatment & SRL skills 1.91 0.51 0.679 0.7 0.43 0.514 —0.163; 0.085

Note. R? in percentage.

below.

For recall knowledge, a significant overall model was found for the
interaction of treatment and performance level, F(3, 68) = 3.58, p =
0.018, predicting 16.81 % of the variance. The moderation analysis,
however, showed that performance level did not significantly moderate
the effect between treatment and recall knowledge, AR? = 0.5 %, F(1,
68) = 0.354, p = 0.554, 95 % CI[-0.932; 2.587]. For prior knowledge, a
significant overall model was found for the interaction with treatment,
and in terms of recall knowledge, F(3, 68) = 10.416, p < 0.001, pre-
dicting 25.24 % of the variance. Moderation analysis, however, showed
that prior knowledge did not significantly moderate the effect between
treatment and recall knowledge, AR? = 0.5 %, F(1, 68) = 0.632, p=
0.429, 95 % CI[-0.263; 0.805]. Analyzes did not show that SRL skills
moderated the effect between treatment and recall knowledge signifi-
cantly, AR? = 0.5 %, F(1, 68) = 0.256, p = 0.614, 95 % CI[-0.163;
0.096].

For transfer knowledge, a significant overall model was found for the
interaction of treatment and performance level, F(3, 68) = 6.43, p <
0.001, predicting 21.22 % of the variance. The moderation analysis
showed, furthermore, that the performance level did significantly
moderate the effect between treatment and transfer knowledge, AR? =
5.97 %, F(1, 68) = 6.014, p = 0.017, 95 % CI[-3.569; —0.459]. For prior
knowledge, a significant overall model was found for the interaction
with treatment, and in terms of transfer knowledge, F(3, 68) = 4.443, p
= 0.006, predicting 8.81 % of the variance. Moderation analysis, how-
ever, showed that prior knowledge did not significantly moderate the
effect between treatment and recall knowledge, AR? =2.77 %, F(1, 68)
=2.079,p =0.156, 95 % CI[-0.241; 1.054]. For SRL skills, no significant
overall model, nor a significant moderator effect was found.

Transfer Learning Performance

3.0 3.5 4.0

By means of the Hayes Process macro (2018), the Johnson-Neyman
significance region was detected for the moderator value below 23.61
% and above 76.39 % respectively. To visualize this interaction effect,
an adapted Johnson-Neyman-Plot (Johnson & Neyman, 1936) was
computed indicating a significant conditional effect of treatment on
transfer knowledge, if the moderator performance level was outside the
interval [3.64; 7.89], p < 0.05 (see Fig. 6). These findings from the
Johnson-Neyman significance region in combination with adapted
Johnson-Neyman-Plot indicate that those with low performance levels
in particular were significantly limited in terms of their transfer
knowledge performance by the metacognitive prompting in the CBLE
Brainix.

8. Discussion

The aim of the study was to investigate the effects of adaptive met-
acognitive prompts on young learners’ SRL and learning performance
over a period of three weeks. To obtain these results, a pre-post mea-
surement and between-subject design study assessed SRL through self-
reports and online log data, as well as learning performance by means
of a recall and a transfer knowledge test.

8.1. Implications of findings on self-regulated learning

Regarding the first research question, analyzes of the self-reports
reveal that metacognitive prompting significantly increased the
learners’ metacognitive SRL in the context of digital learning. These
findings, analyzed by means of the scale Metacognitive Self-regulation
of the MSLQ, are in line with our expectations and previous findings

4.5

N
o
N
N

Performance Level

—EG

CG »<0.05

Fig. 6. Adapted Johnson-Neyman-plot of interaction effect.
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(Delen et al., 2014; Guo, 2023; Lai & Hwang, 2016). All metacognitive
prompts including the goals planner were adaptive to the students’ goals
and progress including interactive progress bars and adapting goal
icons. These findings indicate that guiding lower secondary school stu-
dents to personalize and prioritize their goals as well as to monitor and
reflect on their progress by means of metacognitive prompting helps
them to engage in SRL skills.

The metacognitive prompting did not, however, increase the
learners’ time management abilities measured by means of the second
scale in the self-report and the learners’ online behavior. These findings
may shed light on the goals planner, in particular, that had been created
to support learners in their strategic planning. It has been noted previ-
ously that time management is an essential self-regulatory process, by
which students actively determine when and for how long they will
pursue activities deemed necessary for the achievement of their aca-
demic goals (Wolters & Brady, 2021). However, planning activities, in
particular, can lead to cognitive load (Seufert, 2018), hindering the
students’ learning process if instructions are created too complex
(Sweller et al., 1998) Reducing the complexity of planning features in
CBLEs may be achieved by providing a training phase prior to sole
calendar use ensuring basic knowledge of calendar use.

Surprisingly, the control group made significantly more progress in
the lesson than the experimental group. Prior studies have suggested
that while gamification elements have been shown to enhance desired
motivational, behavioral, and learning outcomes (Zainuddin et al.,
2020), some can overlap with elements of SRL support (Raleiras et al.,
2020). Rewards such as badges, coins, or stars can be used to support
planning, self-monitoring, collaboration and comparison, and
self-evaluation (Tang & Kay, 2014). Higher learning progress among
those without metacognitive prompting may indicate that the gamified
elements may not have been well aligned with the SRL support, causing
unnecessary confusion for the experimental group. Although the
advanced learning progress of the control group did not result in
significantly improved learning outcomes, future research requires a
more rigorous exploration of factors that interact with the SRL support
in the CBLE.

8.2. Implication of findings on learning performance

Regarding the second research question, findings show that learners
supported by metacognitive prompting did not significantly improve
their learning performance compared to learners who did not receive
prompts. While these results concerning the effects of SRL support on
recall knowledge are in line with previous studies (Bannert et al., 2015;
Bannert & Mengelkamp, 2008; Engelmann & Bannert, 2021), the find-
ings in terms of SRL support on transfer knowledge contradict previous
research (Lim et al., 2021; Miiller & Seufert, 2018; Sonnenberg & Ban-
nert, 2015). These analyzes of previous research were, however, con-
ducted mainly in settings with learners in higher education. Among
younger learners, it was previously found that while SRL strategies were
fostered, no transfer effects on achievement were detected (Benick et al.,
2021). The present research focused on a language learning context.
Future research may include this intervention in a CBLE context of
mathematics as higher effect sizes were found in intervention studies in
the context of well-structured subjects (Dignath et al., 2008).

Post-hoc interaction analyzes indicate differential effects of the
adaptive metacognitive prompts for high and low achieving learners.
While high achieving learners seem to have rather profited from the
support of prompts in terms of transfer knowledge, as reported previ-
ously (Hsu et al., 2017; Kramarski et al., 2013; McCarthy et al., 2018;
van Dijk et al., 2016), the significantly negative effects on transfer
performance for low achieving learners point to a result discussed as the
Matthew effect. Previous studies that described the Matthew effect hy-
pothesized that SRL instructions are more likely to help high achievers in
general, resulting in even greater inequalities (Dorrenbacher & Perels,
2016; Lau, 2022). The assumption that low-achieving learners require
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more support to benefit from SRL instructions because they show lower
SRL competencies (Bai et al., 2021; Lau, 2022) was, however, not sub-
stantiated by the results of the study. Post-hoc analyzes indicate no
significant moderation of SRL competencies between the condition and
learning performance. Other studies have suggested that prior knowl-
edge influences the students’ learning performance (e.g., Thompson &
Zamboanga, 2003), however, no interaction effects of prior knowledge
were found in the present study. Prior achievement levels have been
widely shown to influence future achievement levels (Hemmings & Kay,
2010), however, to reduce these inequalities, support for low-achieving
students in particular needs to be addressed in future research.

In order to effectively support all students by means of metacognitive
prompting, adjustments especially valuable for low-achieving students
can be realized within the design of the prompts. van Dijk et al. (2016)
found that average and low-ability students rarely made use of the
prompts. The absence of effects on learning performance due to student
compliance has been suggested before (Miiller & Seufert, 2018; van
Alten et al., 2020). In the present study, it cannot be ruled out that this
might have affected the results. However, as it has been shown that
compliance is increased when students interact with the prompts
(Bannert et al., 2015), the prompts in the present study were created
highly interactive. In order to effectively use the prompts, learners may
first need to realize that the help offered is necessary, which they cannot
if they lack self-assessment skills (van Dijk et al., 2016). Future research
should integrate measures in the design of the prompts that control the
quality of the prompts use by means of checks for inadequate behavior,
as exemplified by Kautzmann and Jaques (2019).

In addition, the relationship between motivational variables, meta-
cognitive prompts, and learning performance remains to be explored.
Bai and colleagues (Bai et al., 2021) found that self-efficacy and a
growth mindset were crucial predictors of strategy use, indicating that
students who believe that their skills can be improved through effort and
practice are more likely to undertake efforts, seek challenges, and
persevere in the face of setbacks. Some initial findings indicate that
growth mindset interventions may be particularly helpful for struggling
students (Macnamara & Burgoyne, 2022; Yeager et al., 2019); however,
this and its influence on the effective use of metacognitive prompts,
needs further investigation.

8.3. Limitations and future research

The present study has some clear limitations and should be addressed
in future research. Firstly, the generalizability of the present study’s
findings is limited. The presented data were collected from a single
secondary school in Germany, a Gymnasium, Germany’s highest aca-
demic school type. To draw conclusions that are applicable to lower-
achieving students, it is essential that future studies incorporate par-
ticipants from a broader range of school types. Furthermore, the quasi-
experimental design of the study required the continuous presence of
participants across data collection of three weeks of. However, due to
student absences resulting from illness, not all participants who initially
took part could be included in the final analyzes. In addition, technical
issues reported by some learners while using the CBLE necessitated the
exclusion of these cases from the dataset. To support more robust gen-
eralizations concerning learner characteristics, future research should
include larger and more diverse samples. Given the difficulty of col-
lecting and analyzing data from young learners, the present study pro-
vides first exploratory results for future studies with this age group.

Secondly, in order to increase the effects on SRL activities and
learning performance, learners should work in the CBLE during school
as their main learning task. Due to strict school policies, students
voluntarily participated in this study outside of the classroom. For stu-
dents to adapt to new learning situations (Gasevic et al., 2017) and to
work within the environment with reduced extraneous cognitive load
(Seufert, 2018), learning sessions in the CBLE in the classroom envi-
ronment seem beneficial to investigate.
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Future studies, thirdly, need to include means to measure individual
effects of each prompt and quality of the prompt usage. Prior research by
De Haas et al. (2022) indicated a decline in children’s task engagement
over time, aligning with the novelty effect describing learners to be
excited in the beginning when using a new technology (Kanda et al.,
2004). Using advanced data mining or eye tracking (Fan et al., 2022;
Sim & Bond, 2021) of SRL activities combined with think-aloud data to
receive multimodal data (Molenaar et al., 2023), may reveal activities
that could not be observed in the present study. Furthermore, an SRL
questionnaire validated for young learners and digital learning contexts
can be helpful. Combining these multimodal data will aid future
research that seeks to clarify students’ engagement in metacognitive SRL
activities and to determine how adaptive SRL support needs to be
designed to effectively improve learning in CBLEs.

9. Conclusion

The main purpose of the present study was to investigate the effects
of adaptive metacognitive prompts including goal setting, strategic
planning, and progress evaluation on SRL activities and learning per-
formance in young learners in an authentic CBLE. Results show that the
learners’ self-reported metacognitive SRL skills were significantly
enhanced by means of metacognitive prompting. However, no effects of
the metacognitive prompts were found on recall or transfer knowledge
when all learners were included. Findings from moderation analyzes
indicate that performance level significantly moderated the relation
between the condition and the transfer learning performance, surpris-
ingly negatively impacting especially students with low-performance
levels. These findings highlight the importance of adaptivity of SRL
support to the students’ prior achievement levels, emphasized by the
results in the present study that neither prior knowledge nor prior SRL
skills moderated the effect of the prompts on learning performance. To
further advance research on the development of SRL in young learners,
metacognitive prompts need to be more rigorously checked for appro-
priate usage, additional measures such as mining behavioral SRL data
and eye-tracking can be beneficial. Also, motivational variables such as
self-efficacy and growth mindset that influence prompt usage remain to
be explored.
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Selection and participation of children

All participants included in the study were students from public
schools in Bavaria, Germany. The main data collection of the study took
place at the students’ homes, each student learning individually by
themselves for three weeks. Pre and post data collections were admin-
istered at public schools, following the schools’ regulations. All students’
legal guardians were contacted to obtain written consent permitting the
data collection, data processing and anonymized publication. Children
were fully informed about the study process and procedures. Their
participation was voluntary and informed that they could withdraw
their consent for the data collection at any time without further conse-
quences. The university’s Ethics Committee approved the data collec-
tion in advance. The approval can be found under the approval number
171-2023.

Only students in grade 6 (German lower secondary school) were
invited to participate in the study as learning units were designed to fit
the regional curriculum. Using stratified randomization, the learners
were allocated to the prompted and unprompted condition. The learners
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