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ABSTRACT KEYWORDS
Generating good questions is central to scientific inquiry. How can we Explaining; generative
improve this skill in classrooms? This field experiment showed that teach- learning; learning by

teaching; question

ing others enhances students’ ability to generate higher-order research 2 i
generation; field experiment

questions that create new knowledge. Whereas learning-by-teaching often
involves delivering face-to-face or video-recorded lectures, we tested its
efficient implementation via writing a verbatim (i.e., word-for-word) teach-
ing script, exactly as how one would orate a lecture. In a research and stat-
istical methods course, 199 undergraduates studied statistical concepts by
writing verbatim teaching scripts or study notes. One month later, stu-
dents’ long-term learning was assessed on a high-stakes test, whereby
they explained the concepts, applied them to design a study to test a
given hypothesis, and generated create-level research questions about the
concepts. Writing teaching scripts enhanced students’ research question
generation and concept application more than writing study notes. The
teaching advantage for these higher-order outcomes held although both
techniques produced comparably high basic understanding when students
explained the concepts at test. Further, students displayed greater genera-
tive processing, metacognitive monitoring, and social presence when writ-
ing teaching scripts than study notes. Learning-by-teaching can be
leveraged in an efficient and inexpensive way via writing verbatim teach-
ing scripts to improve meaningful, durable learning in classrooms.

The formulation of a problem is often more essential than its solution, which may be merely a
matter of mathematical or experimental skill. To raise new questions, new possibilities, to regard
old problems from a new angle, requires creative imagination and marks real advance in science.

—Albert Einstein and Leopold Infeld,

The Evolution of Physics: From Early Concepts to Relativity and Quanta

The ability to ask good questions lies at the heart of scientific inquiry and meaningful learning.
In inquiry- or problem-based learning, students engage in scientific discovery processes to con-
struct knowledge (e.g., Barrows & Tamblyn, 1980; Hmelo-Silver, 2004; Pedaste et al., 2015). The

inquiry cycle has been viewed as comprising five general inquiry phases: (a) orientation—stimu-
lating interest and curiosity in a problem, (b) conceptualization—generating research questions
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and hypotheses, (c) investigation—exploring, experimenting, and interpreting data,
(d) conclusion—drawing conclusions from data, and (e) discussion—communicating conclusions
and reflecting on the inquiry process (Pedaste et al., 2015). During the inquiry cycle, students are
guided to make sense of a problem in successive iterations by asking questions that identify
assumptions to be challenged or knowledge gaps to be filled, toward formulating hypotheses and
solutions (Alvesson & Sandberg, 2011; Pedaste et al., 2015; Tawfik et al., 2020). Clearly, the ques-
tions that students ask matter—asking good questions catalyzes the inquiry processes that follow
in determining what information should be sought and in learning from the newly discovered
knowledge (Kedrick et al., 2023; Tawfik et al., 2020).

Unsurprisingly, then, developing students’ ability to ask good research questions has been of
keen interest to educators and researchers (e.g., Chin & Osborne, 2008; Marbach-Ad & Claassen,
2001), and more broadly emphasized in curricular frameworks such as the Next Generation
Science Standards (National Research Council, 2013). In the present field experiment, we investi-
gated how the learning technique of teaching others can be efficiently applied in a real-world
classroom to enhance students’ research question generation performance and long-term learning.

Good research questions: Creating new knowledge

Whereas generating questions can serve as a learning technique to improve recall and compre-
hension (e.g., Bugg & McDaniel, 2012; Ebersbach et al., 2020; King, 1992, 1994; Weinstein et al,,
2010; for a review, see Rosenshine et al., 1996), students’ questions are also diagnostic of their
deep learning (Chin & Brown, 2002; Chin & Osborne, 2008; Graesser & Olde, 2003). Indeed, the
quality of students’ questions has been found to positively predict their academic achievement
(Graesser & Person, 1994; Harper et al., 2003; Renaud & Murray, 2007).

As classified in questioning hierarchies and aligning with the pinnacle of Bloom’s taxonomy
(Anderson et al., 2001; Bloom, 1956; see Table A.l1 in Appendix), good research questions go
beyond existing knowledge to create new knowledge (Chin & Brown, 2002; Dillon, 1984; Tawfik
et al., 2020), thereby driving scientific discovery. For instance, questions that specify contingencies
or causal relations by integrating elements in new ways have been categorized as higher-order
questions associated with expert-like reasoning (Dillon, 1984; Keeling et al.,, 2009; Marbach-Ad &
Sokolove, 2000a, 2000b; Tawfik et al.,, 2020). In contrast, less sophisticated questions tend to be
factual with readily available answers or may simply describe or compare various phenomena.

How can we enhance students’ ability to ask create-level research questions? Given that formu-
lating such questions demands reorganizing and integrating various elements of to-be-learned
information, generative learning techniques that promote such cognitive processes may be viable.

Generative learning

Generative learning involves actively constructing meaning by building connections among differ-
ent elements of incoming information, and relating that information to one’s prior knowledge and
experience (Osborne & Wittrock, 1983; Wittrock, 1974, 1989). For instance, according to Mayer’s
(1989, 2014) select-organize—integrate model of meaningful learning, learners must select relevant
incoming information, organize the selected information by building structural relations among its
elements, and integrate the information with their prior knowledge. Such processes also align with
the constructive mode of cognitive engagement in Chi and Wylie’s (2014) ICAP framework, in
which learners generate additional outputs such as inferences that go beyond the given information.

Of particular interest, one such generative learning technique is learning-by-teaching, whereby
students take on the role of a “tutor” and teach others to-be-learned material with the intention
of helping them learn (for a review, see Fiorella & Mayer, 2016). When teaching, the tutor
actively makes sense of the to-be-learned material by engaging in generative processes: selecting
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relevant information to include in their teaching explanations, organizing this information in
coherent structures, and integrating it with their prior knowledge when generating elaborations
and inferences (Fiorella & Mayer, 2016; see also Fiorella, 2023).

Learning-by-teaching

Research over the past decades has revealed that teaching others enhances one’s own learning of
the material (e.g., Bargh & Schul, 1980; Duran & Topping, 2017; for recent meta-analyses, see
Kobayashi, 2019, 2024; Leung, 2019; Ribosa & Duran, 2022). As students prepare to teach others,
they engage in more metacognitive processing (Muis et al., 2016), and gain further learning bene-
fits by actually teaching the material (Fiorella & Mayer, 2013, 2014).

For instance, Ribosa and Duran’s (2022) meta-analysis of 23 articles found an overall effect of
0.17 (standardized mean difference) in favor of creating teaching materials for others over
“business-as-usual” or alternative control strategies. More recently, Kobayashi’s (2024) meta-ana-
lysis of 35 articles examined the interactive effects of preparing to teach (i.e., studying with teach-
ing expectancy) and actually teaching (i.e., communicating knowledge to an audience with the
intention of helping them learn). Relative to merely studying without teaching expectancy, teach-
ing after studying with or without teaching expectancy yielded a weighted mean effect of 0.27
(Hedges’ g). Importantly, this benefit was moderated by teaching expectancy: Whereas the effect
of preparing to teach then actually teaching was medium (g=0.48), the effect of teaching without
having prepared to teach did not significantly differ from zero (¢g=—0.02). Moreover, teaching
after preparing to teach had a small-to-medium effect (g=0.38) over preparing to teach only.
Thus, preparing to teach and actually teaching both uniquely and synergistically contribute to
learning-by-teaching effects.

To explain the benefits of teaching, three non-mutually exclusive theoretical accounts have
been proposed: (a) the retrieval hypothesis, (b) generative hypothesis, and (c) social presence
hypothesis (see Lachner et al., 2022 for a review). First, according to the retrieval hypothesis (Koh
et al, 2018), tutors engage in substantial retrieval practice when teaching from memory, which
improves their durable retention and learning of the taught material (Roediger & Karpicke,
2006). However, when tutors teach the material immediately from memory without having first
prepared to teach, retrieval failure (e.g., incomplete and impoverished explanations) may limit
any learning benefits that tutors experience (Sibley et al., 2022; see also Kobayashi, 2022 for a
discussion).

Second, the generative hypothesis posits that teaching others induces sense-making processes
such as actively organizing and integrating new information with one’s prior knowledge, in turn
benefiting the tutor’s deep learning and knowledge generalization (Fiorella, 2023; Fiorella &
Mayer, 2016). For instance, in reflective knowledge-building, the tutor may generate inferences in
their teaching that go beyond the material to produce coherent explanations for their intended
audience, while reflecting on and monitoring their own understanding (Roscoe & Chi, 2007).
Together, such elaboration and metacognitive processes promote the tutor’s content mastery
(Roscoe, 2014).

Third and relatedly, the social presence hypothesis suggests that perceiving one’s audience—
whether actual or imagined—as “real” (Kreijns et al., 2022) evokes greater arousal and generative
processing on the tutor’s part (Hoogerheide et al., 2016, 2019a; Jacob et al., 2020; Lachner et al,,
2018). For instance, tutors may adapt or tailor their teaching in anticipation of their intended
audience’s learning needs (Clark & Brennan, 1991; Nickerson, 1999), such as generating more
elaborations to facilitate understanding for a less knowledgeable audience (Wittwer et al., 2010).
Thus, even without interacting with their intended audience (i.e., learning by non-interactive
teaching; see Lachner et al, 2022 for a review), the tutor could reap learning gains from the
teaching process, particularly when potential extraneous processing costs (e.g., state anxiety)
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during teaching are minimized (Cheng et al., 2023; Wang et al., 2023). It should be noted,
though, that tutors’ self-reported attention to their audience can fluctuate during their teaching,
and they may engage in limited knowledge-building even with increased feelings of social pres-
ence (Ribosa & Duran, 2023), such that inducing social presence alone does not necessarily
improve the tutor’s learning (Jacob et al., 2021).

Current empirical evidence for the benefits of learning-by-teaching has largely centered on the
tutor’s basic recall and comprehension (e.g., Fiorella & Mayer, 2013, 2014; Guerrero & Wiley,
2021; Hoogerheide et al., 2019b; Jacob et al., 2020; Koh et al., 2018; Lim et al., 2021; Nestojko
et al., 2014) or transfer of learning to new problems (e.g., Hoogerheide et al., 2014, 2016, 2019a;
Lachner et al., 2018, 2021). However, some recent evidence has revealed that learning-by-teaching
can also enhance more complex educational outcomes such as the tutor’s research question gen-
eration. In two lab experiments, Wong et al. (2023) found that across both immediate and 48-hr
delayed tests, students who had taught scientific expository texts on natural and social sciences
topics by delivering video-recorded lectures successfully generated more create-level research
questions based on the texts, relative to their peers who had practiced retrieval or constructed
concept maps. Furthermore, the learning-by-teaching advantage held even when all three groups
similarly received and responded to post-study questions on the material. This suggests that
teaching can benefit the tutor’s learning even when controlling for engagement with audience
questions (Wong et al, 2023). Taken together, extant findings unveil promising unchartered
ground to explore whether learning-by-teaching sustains meaningful learning outcomes such as
research question generation in real-world education.

Efficient and effective implementation of learning-by-teaching

To transform actual practice, educational research must be effectively translated and contextual-
ized on the ground to be usable for students and teachers. To date, learning-by-teaching has com-
monly been implemented via peer tutoring (e.g., Roscoe & Chi, 2007, 2008) or delivering video
lectures to fictitious others (e.g., Fiorella & Mayer, 2013; Hoogerheide et al., 2014, 2016, 2019a,
2019b). These formats typically involve engaging other students to take on the role of tutee (e.g.,
in cross- or same-year group tutoring, and cross- or same-year dyadic fixed-role or reciprocal
tutoring; see Topping, 1996 for a typology of peer tutoring) and/or utilizing video-recording
equipment, which may pose practical barriers for students’ independent use of learning-by-teach-
ing. Alternatively, such barriers can potentially be overcome by teaching in written modality,
even without interacting with one’s audience.

But in recent years, the effectiveness of written teaching relative to oral teaching has been
questioned (e.g., Hoogerheide et al, 2016; Jacob et al,, 2020; Lachner et al., 2018; see Lachner
et al, 2022 for a review). In studies comparing both modalities, learners are typically asked to
read or study the to-be-learned material, then explain it to a fictitious audience either aloud while
being audio- or video-recorded (i.e., oral explaining) or in writing (i.e., written explaining). The
common finding is that oral explaining tends to produce greater learning benefits for the tutor
than written explaining (for meta-analyses, see Kobayashi, 2024; Lachner et al., 2021). For
instance, Hoogerheide et al. (2016) had participants study a text on syllogistic reasoning, then
either restudy it or explain it on video or in writing. On immediate and delayed tests, oral but
not written explaining outperformed restudying, although both explaining groups did not signifi-
cantly differ. Relatedly, when using a relatively more complex (i.e., high element interactivity)
text on internal-combustion engines, Lachner et al. (2018) found that oral explaining produced
better transfer than written explaining, although both modalities did not differ in their effects on
conceptual knowledge (see also Jacob et al., 2020).

Why does the written modality tend to be less effective in learning-by-teaching? One account
is that written explaining often induces less social presence and generative processing than oral
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explaining (e.g., Hoogerheide et al., 2016; Jacob et al., 2020; Lachner et al., 2018). When both
modalities trigger similar levels of social presence and generative processing, then written explain-
ing can in fact yield comparable learning outcomes as oral explaining when studying scientific
texts (Lim et al., 2021) or scientific concepts in inquiry-based settings (Jacob et al., 2022). In par-
ticular, one promising way of effectively implementing written learning-by-teaching is to have
students write a verbatim—word-for-word—teaching script, exactly as how they would orate an
actual lecture (i.e., “silent teaching”; Lim et al.,, 2021).

“Silent teaching”: writing verbatim teaching scripts

As opposed to written essays or expository prose, verbatim teaching scripts constitute “written
teaching” in which the tutor purposefully transcribes speech that is originally meant to be com-
municated as an oral lecture to written text (Lim et al., 2021). In contrast, written instructional
explanations are meant precisely to be communicated in written form (e.g., when writing explan-
ations to a fictitious peer in a text editor or even a messenger chat; Jacob et al., 2021). Thus,
whereas written instructional explanations tend to draw primarily on written discourse, verbatim
teaching scripts are more likely to draw on spoken discourse that is typically associated with con-
versation or oral teaching (Lim et al, 2021; for discussions of written versus spoken discourse,
see Jahandarie, 1999; Sindoni, 2013).

In particular, spoken discourse often reflects a relative focus on interpersonal involvement,
whereas written discourse tends to reflect a relative focus on content (Tannen, 1983). This dis-
tinction between the relative focus on involvement versus content, rather than oral versus written
modalities per se, has been proposed to produce the different features of spoken versus written
language (Tannen, 1983, 1985). In other words, communication strategies aimed at building inter-
personal involvement in spoken discourse have typically been associated with the oral modality,
but can actually be used in discourse in the written modality too for heightened social presence,
as when writing a verbatim teaching script.

Indeed, in a recent lab study, Lim et al. (2021) found that writing a verbatim teaching script
or teaching orally were both more effective in enhancing the tutor’s conceptual knowledge reten-
tion than a restudying control. Crucially, both teaching groups did not significantly differ in their
learning performance. This suggests that writing a verbatim teaching script is a viable alternative
to oral teaching in preserving its effectiveness while efficiently applying the learning-by-teaching
strategy in a less resource-intensive way. Of note, silent teaching increased social presence and
elaboration to comparable degrees as oral teaching (Lim et al., 2021). For example, the following
is an excerpt from a student’s verbatim teaching script on the Doppler effect, as reported in Lim
et al. (2021):

Today, we'll be studying the Doppler effect. You might not realize that actually, we witness this effect quite
often in our lives. Say, for example, have you ever noticed that a police car with its siren on will sound
higher-pitched when it’s approaching us and will sound lower-pitched as it leaves us? That’s the Doppler
effect in action. (p. 1498)

In comparison, the following is an excerpt from the transcript of a student’s oral teaching:

Hi everyone, today we’re going to talk about the Doppler effect. For those of you that don’t know what the
Doppler effect is, maybe you've been on the side of the road while a fire engine passes by and it goes
“wewwewwew”. Therefore, if you notice, there’s something very specific about the sound that’s happening
and we’ll talk about what that is in a bit. (Lim et al.,, 2021, p. 1498)

Without being told that these excerpts had originally been written versus spoken, respectively,
one would likely be hard-pressed to distinguish between them. Thus, when students bear their
target audience in mind and engage in generative processing while writing a verbatim teaching
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script, they could reap learning gains just as they would during oral teaching, even without actu-
ally interacting with an audience.

The present field experiment

The present study’s goals were twofold. First, this study was conceived as a field experiment to
investigate the extent that learning-by-teaching boosts students’ research question generation in a
real-world classroom. To date, most empirical studies on learning-by-teaching have been con-
ducted in the laboratory (Lachner et al., 2022). Moreover, research on how learning-by-teaching
impacts more complex outcomes such as create-level question generation remains in its infancy.
Thus far, only one study has examined these effects, albeit in a lab setting and with learning-by-
teaching implemented in the oral modality via delivering video-recorded lectures (Wong et al.,
2023). Hence, much room remains to test whether learning-by-teaching effects transfer to actual
educational settings and more complex, higher-order outcomes when efficiently implemented via
writing verbatim teaching scripts.

Second, we sought to test whether any benefits of learning-by-teaching persist over longer
durations. Study strategies that improve short-term performance do not necessarily produce long-
term learning (Soderstrom & Bjork, 2015). Given that education aims to promote students’ dur-
able learning rather than mere temporary fluctuations in knowledge, it is pedagogically vital to
assess whether the benefits of learning-by-teaching last over time. Although the effects of this
technique have been posited to be most evident on immediate higher-order tests, they should the-
oretically also extend to delayed tests (Roelle & Niickles, 2019; see Kobayashi, 2019 for a meta-
analysis) since generative learning activities yield richer mental representations of the material
(Fiorella & Mayer, 2016). Accordingly, the present field experiment assessed students’ long-term
learning on a high-stakes final exam one month after they had completed the intervention. The
1-month delay enabled a relatively more stringent test of students’ durable learning, beyond the
delays in extant studies typically ranging from a few days (e.g., Hoogerheide et al., 2014, 2019b;
Wong et al., 2023) to a week (e.g., Fiorella & Mayer, 2013, 2014; Lim et al., 2021).

Using a within-subjects design, we compared the effects of writing verbatim teaching scripts
versus study notes on students’ ability to formulate create-level questions based on the studied
concepts. Note-taking is a popular study technique among students (Blasiman et al., 2017;
Miyatsu et al., 2018; Morehead et al., 2019) that has been found to enhance memory and learning
(e.g., Di Vesta & Gray, 1972; Kiewra, 1985; Wong & Lim, 2023). By holding constant the explain-
ing modality (written format) across both learning methods, we sought to distill any unique
learning benefits from “teaching” per se.

Undergraduate students in an introductory research and statistical methods course received
study materials and participated in learning activities that were designed to suit real-world course
teaching on research and statistical methods. The teaching team comprised one course instructor
who taught the lectures and three graduate teaching assistants who facilitated tutorial sessions.
Further to acquiring and applying statistical knowledge, students learned to drive scientific dis-
covery by asking good research questions that create new knowledge. During a tutorial, all stu-
dents were trained on create-level question generation, and practiced writing study notes versus
verbatim teaching scripts to ensure fidelity when they later used both learning methods independ-
ently. Thereafter, the main experimental intervention took place via a graded learning activity,
which was a take-home open-book assignment on writing study notes versus verbatim teaching
scripts about statistical concepts. For generalizability purposes, two types of concepts were
included: standalone concepts (e.g., “effect size”) and pairs of juxtaposed concepts (e.g., “Type I
vs. Type II errors”).

One month after the learning activity, all students’ long-term learning was assessed on a high-
stakes final exam, in which they generated as many create-level research questions as possible
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about the concepts that they had earlier studied. Although we were primarily interested in the
higher-order outcome of research question generation, for exploratory purposes, we also assessed
the learning methods’ effects on two other outcomes corresponding to the understand and apply
levels of Bloom’s (1956) taxonomy, respectively: (a) students” ability to explain the learned con-
cepts, and (b) apply the concepts to design a study to test a given hypothesis.

We further explored potential processes underlying the learning benefits of teaching: (a) elab-
oration, (b) metacognitive monitoring, and (c) social presence. Based on the generative hypoth-
esis, tutors elaborate on the material by organizing and integrating it with their prior knowledge
when generating high-quality explanations (Fiorella & Mayer, 2016), as evidenced by the number
of elaborations (e.g., examples, analogies, and personal experiences that go beyond the material)
they produce. Tutors may also self-monitor their understanding of the material while teaching, as
evidenced by the number of monitoring statements they produce (e.g., expressing ideas that they
do not fully understand; Roscoe & Chi, 2007, 2008; see also Fukaya, 2013). Accordingly, we
scored the number of elaborations and monitoring statements in students’ teaching scripts and
study notes (for similar approaches, see Fiorella & Kuhlmann, 2020; Lachner et al., 2020; Roscoe,
2014; Roscoe & Chi, 2008). We expected that students would produce more elaborations and
monitoring statements (i.e., greater knowledge-building) when writing verbatim teaching scripts
than study notes.

Additionally, based on the social presence hypothesis, perceiving one’s audience as real may
stimulate learners’ arousal and engagement during teaching (Hoogerheide et al., 2016, 2019a;
Jacob et al., 2020; Lachner et al., 2018). As a behavioral proxy of the degree of social presence
induced by each learning method, we measured the frequency of audience-directed utterances
(i.e., self-other referential terms such as “I”, “me”, “you”, “us”, “let’s”, “our”, ©
“yourself”) in students’ teaching scripts and study notes (for similar approaches, see Chafe, 1982;
Hoogerheide et al., 2016; Lachner et al., 2018; Redeker, 1984). We expected that students would
use self-other referential terms more frequently when writing verbatim teaching scripts than study
notes, implicating higher social presence.

» <« »
we”, “your”,

Method
Participants

The participants were 199 undergraduates (150 were female, 46 were male, 3 undisclosed) aged
between 18 and 25 (M =20.54, SD=1.46) enrolled in an introductory course on research and
statistical methods for psychology at the National University of Singapore. Students who had pre-
viously read any similar courses—gained relevant prior knowledge about the course content—
were precluded by the university’s course allocation system. A power analysis (G*Power; Faul
et al.,, 2007) indicated that this sample size afforded sufficient sensitivity to detect small within-
subjects effects of d >0.20 for two-tailed pairwise comparisons at 80% power and o = .05.

Design and materials

The independent variable was learning strategy (within-subjects), whereby each student wrote
study notes about some concepts (study notes condition), and verbatim teaching scripts about
other concepts (silent teaching condition). Four concepts were prescribed: “effect size”, “statistical
power”, “Type I versus Type II errors”, and “z-tests versus t-tests”. The former two concepts were
standalone (basic) concepts, whereas the latter two concepts were pairs of juxtaposed (advanced)
concepts that require comparing and contrasting. Two equivalent concept list versions were cre-

ated by counterbalancing the prescribed concepts across the lists (see Table 1), ascertaining that
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Table 1. Concept List Versions.

Learning Strategy

Concept List Version Study Notes Teaching
1 Statistical power Z-tests versus t-tests Effect size Type | versus Type Il errors
2 Effect size Type | versus Type Il errors Statistical power Z-tests versus t-tests

learning benefits, if any, generalized across concepts; students were each randomly assigned to
study either list.

The dependent variable of main interest was students’ research question generation perform-
ance on a delayed high-stakes test 1 month later, as assessed by the number of create-level ques-
tions they generated relating to the concepts that they had studied. Students’ ability to explain
and apply the prescribed concepts was also assessed on the test.

Procedure

During the course, students were introduced to foundational concepts and skills for evaluating
and conducting empirical psychological research at a level appropriate for aspiring psychology
majors. Specifically, they surveyed and solved research design issues and problems, and applied
basic descriptive and inferential statistical techniques. Across a 13-week semester, students
attended a 90-min lecture weekly, and five 90-min tutorial sessions bi-weekly.

Training on research question generation and learning methods
Throughout the semester during their lectures and tutorials, students were consistently exposed
to the idea and examples of “good” versus “poor” research questions. In line with the create level
of Bloom’s (1956) taxonomy, students were instructed that “good” research questions comprise
those that can potentially generate new knowledge, ideas, or perspectives (see Table A.1 in
Appendix). During Tutorial 3, all students were explicitly guided by their teaching assistant in
developing their own research questions. Students shared their questions individually, receiving
immediate feedback on the extent that they qualified as good research questions and, if they did
not, further opportunities to improve them until they did. This served as training to ensure that
all students understood what was required of them in generating create-level research questions.
During the tutorial session, students also practiced typing study notes versus teaching scripts
via the following pair of activities: (a) “Write study notes on the concept of third variables. In
supporting your writing, you may wish to use at least one specific example.”; (b) “Teach the con-
cept of third variables to your tutor and your fellow course mates. In supporting your teaching
preparations as well as actual teaching, you may wish to use at least one specific example.” These
activities ensured fidelity when students subsequently used both learning methods independently
during the experimental intervention.

Writing study notes versus teaching scripts
The main experimental intervention took place via a graded written learning activity—a take-
home open-book assignment relating to writing study notes versus teaching scripts about the pre-
scribed concepts. The activity comprised two equivalent versions, with each student randomly
assigned to attempt one version. Students embarked on this activity after they had attended
Tutorial 3, and had a month to complete it.!

Across both conditions, specific instructions were prescribed so that students clearly under-
stood the learning goals. Using no more than 300 words for each concept, each student wrote (a)
study notes on “statistical power” and “z-tests versus t-tests” (Version 1) or “effect size” and “Type
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I versus Type II errors” (Version 2) as how they would personally word it when engaging in inde-
pendent learning (study notes condition), and (b) verbatim (word-for-word) teaching scripts on
“effect size” and “Type I versus Type II errors” (Version 1) or “statistical power” and “z-tests versus
t-tests” (Version 2) as how they would exactly teach it orally to their peers in an introductory
psychology class but who have yet to take a research and statistical methods course for psychology
(silent teaching condition). Across both conditions, students were allowed to include pictorial illus-
trations and/or examples of the concepts as deemed fit. The open-book nature of this take-home
assignment also meant that all students were allowed to refer to their course material when writing
their study notes and verbatim teaching scripts. Thus, unlike closed-book learning activities, there
was little basis for students to retrieve the information from memory when completing the interven-
tion. This allowed us to distill the unique effects of “teaching” from those of retrieval practice (e.g.,
when teaching from memory; Koh et al., 2018; Sibley et al., 2022).

After completing the learning activity, students rated the difficulty of each prescribed concept
on a 7-point scale (1 =very easy; 7=very difficult). Three days after all student submissions had
been received, the course instructor provided feedback on the prescribed concepts at a live lec-
ture. Students’ learning performance was assessed based on how accurately they explained the
prescribed concepts in their study notes and teaching scripts.

Research question generation test

One month after completing the learning activity, students’ long-term learning was assessed in a
2-hr timed final exam at the end of the semester. Each student generated as many create-level
research questions as possible that could potentially create new knowledge, ideas, or perspectives
about each of the four concepts that they had earlier studied in the learning activity. Students
were told that there was no need to “answer their own questions”.

Concept explanation and application tests

On the final exam, students were also tested on their ability to explain and apply the prescribed
concepts, respectively. Given the following hypothesis: “Learners with high hope will demonstrate
higher academic achievement than learners with low hope.”, students were required to first
explain each of the four concepts in the specific context of the hypothesis, and then apply the
four concepts in designing a study to test the hypothesis.

Scoring procedure

Two independent raters scored 50 of the 199 (25%) test scripts for students’ research question
generation, concept explanation, and concept application performance, as well as students’ study
notes and teaching scripts for elaboration, metacognitive monitoring, and perceived social pres-
ence. Discrepancies were reviewed and resolved to reach 100% agreement. As interrater reliability
was high across all scoring elements, the remaining scripts were scored by one rater.

Research question generation performance

One point was awarded for each create-level research question that students generated at test.
Specifically, a question was scored as a create-level question if its answer required creating new
knowledge, ideas, or perspectives by compiling information in a different way, combining ele-
ments in a new pattern, or proposing alternative solutions (Wong et al.,, 2023; see Table A.l in
Appendix). Sample create-level questions were: “How can we efficiently detect a small effect?”,
“How can we accurately determine statistical power for radically new areas of research?”, “How
can we derive a set of rubrics for weighing Type I versus Type II errors?”, and “Is it possible to
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devise a universal t-test (like the universal z-test)?”. In contrast, sample non-create questions that
did not receive points were: “Are there other ways of measuring effect size?”, “How can we
ensure statistical power is high enough so as to correctly reject the null hypothesis?”, “Should z-
tests and t-tests be used in combination?”, and “How can both Type I and Type II errors be
minimized at the same time?”. There was high interrater reliability in scoring the number of cre-
ate-level research questions generated, absolute agreement intraclass correlation coefficient (ICC)
= .94, 95% CI [.92, .95], based on a two-way random-effects model.

In addition, both raters scored the total number of questions that students attempted to gener-
ate on the exam, including questions that actually fulfilled the create level and those that did not.
Interrater reliability was high, ICC = .998, 95% CI [.998, .999].

Concept explanation and application performance

Students’ concept explanation performance was scored by awarding one point for each concept
that they correctly explained in the context of the test question’s given hypothesis. Likewise, stu-
dents’ concept application performance was scored by awarding one point for each concept that
they correctly applied when designing a study to test the given hypothesis. Hence, if a response
accurately explained a concept but did not effectively apply it to test the hypothesis specified in
the question, it would receive one point for the concept explanation test but no points for the
concept application test. For instance, to earn both points for “effect size”, a student would not
only have explained this concept as the extent that high-hope versus low-hope learners differ in
academic achievement, but also applied “effect size” in designing a study to test the hypothesis—
proposing to observe and report the differential academic achievement as represented by Cohen’s
d upon using an appropriate statistical tool (e.g., an independent-samples ¢-test where trait hope
is a categorical variable and academic achievement is a continuous variable). There was high
interrater reliability when scoring students’ concept explanation and application performance,
ICC = .95 and .96, 95% CI [.94, .97] and [.95, .97], respectively.

Elaborations, monitoring statements, and social presence

For exploratory purposes, we also scored the number of (a) elaborations, (b) monitoring state-
ments, and (c) self-other referential terms in students’ study notes and teaching scripts. First, the
number of elaborations served as a behavioral indicator of students’ generative processing, opera-
tionalized as idea units that had not been covered in the study material, including examples, anal-
ogies, and personal experiences (e.g., Fiorella & Kuhlmann, 2020; Jacob et al., 2020; Lachner
et al., 2018, 2020). A sample elaboration is: “Suppose eating milk chocolate increases happiness
by 2.167 SDs while dark chocolate 12.82 SDs—dark chocolate has an effect six times bigger than
milk chocolate!”. Interrater reliability was high when scoring students’ elaborations, ICC = .97,
95% CI [.96, .98].

Second, the number of monitoring statements served as an indicator of students’ metacognitive
processing (Roscoe, 2014). A monitoring statement was defined as an instance where students
reflected on and controlled their own thought processes or extent of understanding. A sample
monitoring statement is: “This is a hard concept, let me explain it again to make sure everyone
follows”. There was high interrater reliability when scoring students’ monitoring statements, ICC
= .97, 95% CI [.96, .97].

Third, as a proxy for social presence, the frequency of self-other referential terms (e.g., “I”,
“me”, “you”, “us”, “let’s”, “our”, “we”, “your”, “yourself’) was scored as a percentage of the total
number of words in students’ study notes or teaching scripts (e.g., Chafe, 1982;
Hoogerheide et al., 2016; Lachner et al., 2018; Redeker, 1984). Interrater reliability was excellent,
ICC = 1.00.
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Results
Learning outcomes

Total questions generated

Because all students were instructed to generate as many create-level research questions as possible
on the final exam, we ascertained that the total number of questions (including questions that actu-
ally fulfilled the create level and those that did not) that students attempted to generate did not sig-
nificantly differ for concepts for which they had written study notes (M =6.23, SD=2.37) versus
teaching scripts (M =6.28, SD =2.42), #(198) = 0.42, p = .68, d=0.03, 95% CI [-0.11, 0.17]. Thus,
any differences in students’ generation of, specifically, create-level questions on the exam cannot be
attributed to more (or fewer) attempts in any particular learning condition.

Research question generation performance

Analyzing the number of create-level questions that students generated on the exam, a learning-
by-teaching advantage emerged across both standalone concepts and pairs of juxtaposed concepts
(Figure 1A). As predicted, students generated more create-level research questions on standalone
concepts for which they had written teaching scripts (M =1.26, SD=0.48) than study notes
(M=1.15, SD=0.42), (198) = 3.06, p = .003, d=0.22, 95% CI [0.08, 0.36]. Similarly, for pairs
of juxtaposed concepts, silent teaching (M =1.29, SD=0.47) produced better research question
generation performance than writing study notes (M =1.15, SD=10.37), #(198) = 3.59, p < .001,
d=0.26, 95% CI [0.11, 0.40].

Concept application performance

Likewise, learning-by-teaching enhanced students’ application of the concepts to design a research
study that tests a given hypothesis (Figure 1B). For standalone concepts, writing verbatim teaching
scripts (M = .80, SD = .40) produced better application performance than writing study notes (M
= .75, SD = 43), t(198) = 2.39, p = .02, d=0.17, 95% CI [0.03, 0.31]. For pairs of juxtaposed con-
cepts, silent teaching (M = .73, SD = .45) also improved application performance more than writ-
ing study notes (M = .61, SD = .50), #(198) = 2.63, p = .01, d=10.19, 95% CI [0.05, 0.33].

Concept explanation performance

Interestingly, both learning methods did not differ in their effects on students’ concept explan-
ation performance. For standalone concepts, there was no significant difference in students’
explanation performance across the silent teaching (M = .98, SD = .14) and study notes (M =
.97, SD = .16) conditions, #(198) = 0.45, p = .66, d=0.03, 95% CI [—0.11, 0.17]. Similarly, stu-
dents’ performance did not differ when explaining the pairs of juxtaposed concepts for which
they had written verbatim teaching scripts (M = .96, SD = .20) versus study notes (M = .95, SD
= .22), H(198) = 0.50, p = .62, d=0.04, 95% CI [—-0.10, 0.17]. Thus, students’ weaker research
question generation and application performance in the study notes condition was not because
they failed to understand or explain the concepts per se. Indeed, students demonstrated high lev-
els of understanding of all concepts across both learning conditions (Figure 1C).

Teaching processes

Elaborations

Across both types of concepts, silent teaching induced greater generative processing than writing
study notes. For standalone concepts, students’ teaching scripts (M =1.41, SD=10.87) contained
more elaborations than their study notes (M =0.79, SD=0.76), t(198) = 8.74, p < .001, d=0.62,
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Figure 1. Delayed (1 month) research question generation, concept application, and concept explanation test performance
across learning conditions and concept types.

Note. N=199. (A), (B), and (C) show the mean scores for the research question generation test, concept application test, and
concept explanation test, respectively. Error bars indicate standard errors.

95% CI [0.47, 0.77]. Similarly, for juxtaposed concepts, students generated more elaborations in
their teaching scripts (M =1.27, SD =0.96) than study notes (M =0.76, SD = 0.88), #(198) = 5.86,
p < .001, d=0.42, 95% CI [0.27, 0.56].

Metacognitive monitoring

Relative to the study notes condition, silent teaching triggered greater metacognitive processing
across both types of concepts. For standalone concepts, students’ teaching scripts (M =0.37,
SD =0.64) contained more monitoring statements than their study notes (M =0.15, SD=10.37),
t(198) = 4.43, p < .001, d=0.31, 95% CI [0.17, 0.46]. Likewise, for juxtaposed concepts, students
produced more monitoring statements in their teaching scripts (M =0.13, SD =0.42) than study
notes (M =0.06, SD=0.23), #(198) = 2.26, p = .03, d=0.16, 95% CI [0.02, 0.30].
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Social presence

Silent teaching evoked significantly higher levels of social presence than writing study notes
across both concept types. For standalone concepts, students’ teaching scripts (M =2.01%,
SD=1.67%) contained a greater percentage of self-other referential terms than their study notes
(M=0.68%, SD=1.10%), t(198) = 10.30, p < .001, d=0.73, 95% CI [0.57, 0.89]. Likewise, for
juxtaposed concepts, students used a greater percentage of self-other referential terms in their
teaching scripts (M =2.32%, SD =2.22%) than study notes (M=1.01%, SD=3.12%), t(198) =
5.08, p < .001, d=10.36, 95% CI [0.22, 0.50].

Concept difficulty ratings

Finally, we ascertained that students’ perceived difficulty of the concepts did not differ across
learning conditions. There was no significant difference in students’ ratings of the standalone
concepts’ difficulty in the silent teaching (M =4.28, SD=1.38) versus study notes (M=4.19,
SD =1.43) conditions, #(198) = 0.86, p = .39, d=10.06, 95% CI [—0.08, 0.20]. Similarly, students’
ratings of how difficult the pairs of juxtaposed concepts were did not differ across the silent
teaching (M = 3.51, SD =1.45) and study notes (M =3.63, SD=1.53) conditions, #(198) = —0.93,
p = .35, d=-0.07, 95% CI [-0.21, 0.07].

Discussion

Asking good research questions is vital for scientific inquiry and discovery. In a well-powered
field experiment, we found that learning-by-teaching enhanced students’ research question gener-
ation performance in an undergraduate research and statistical methods course. When tested after
a 1-month delay, students successfully generated more create-level research questions relating to
statistical concepts for which they had written verbatim teaching scripts than study notes. This
advantage of learning-by-teaching held reliably across both standalone concepts and pairs of jux-
taposed concepts. In addition, writing teaching scripts improved students’ application of the
learned concepts to design a study that tests a given hypothesis, relative to writing study notes.

It is worth noting that students’ poorer research question generation and concept application
performance in the study notes condition was not due to a weaker understanding of the concepts.
Indeed, we found that across both learning conditions, students not only rated the concepts as
similarly difficult (or easy), but also displayed comparably high levels of understanding when
asked to explain the learned concepts on the final exam. These findings demonstrate that study
techniques that support basic learning outcomes such as remembering or understanding informa-
tion may not necessarily yield the same benefits for more complex, higher-order outcomes such
as applying or creating new knowledge (e.g., Agarwal, 2019; Wong et al., 2023).

Taken together, our data yield new theoretical and practical insights for extant learning-by-
teaching research. First, our results add to the nascent empirical evidence that teaching others
can improve more complex learning outcomes such as research question generation (Wong et al.,
2023), beyond basic recall and comprehension or transfer of learning to new problems. This sug-
gests that learning-by-teaching is a relatively potent strategy for enhancing deep learning in which
students actively construct meaning (Fiorella & Mayer, 2016), toward generating their own
research questions that create new knowledge. More broadly, these findings attest to the benefits
of generating teaching materials for others (Ribosa & Duran, 2022) and learning-by-teaching even
without interacting with one’s audience (Lachner et al., 2022).

Second, whereas previous lab studies had observed a benefit of delivering video-recorded lec-
tures for the tutor’s research question generation on immediate and 48-hr delayed tests (Wong
et al., 2023), the present field experiment has shown that the learning-by-teaching benefit persists
even in a real-world classroom when students write verbatim teaching scripts and when the test
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is administered after a substantially longer delay of 1 month. From an educational stance, it is
vital to examine whether learning techniques that are effective in the lab actually work in the
classroom, and how they can be viably implemented with authentic educational materials
(Roediger, 2013). The present study does so by offering an example of how learning-by-teaching
can be translated in an efficient and inexpensive way via writing verbatim teaching scripts to
improve meaningful, lasting learning in a university course. It is particularly encouraging that the
benefits observed here relate to long-term learning, suggesting that silent teaching supports dur-
able learning rather than merely short-term performance.

Educational and theoretical implications

In distilling the unique effects of “teaching”, our data reveal that writing verbatim teaching scripts
confers long-term learning benefits over writing study notes for higher-order outcomes such as
research question generation and knowledge application. Overriding the need for logistical
resources or others to take on the role of tutee when applying learning-by-teaching in the class-
room, students may now simply write a full verbatim teaching script to learn effectively (Lim
et al.,, 2021).

Why did silent teaching outperform writing study notes? In the present course, students were
allowed to refer to their course material when writing their study notes and verbatim teaching
scripts. As there was little, if at all any, basis for students to mentally retrieve and rehearse the
material during the intervention, the retrieval hypothesis for the learning benefits of teaching
(Koh et al., 2018; see also Kobayashi, 2022) is unlikely to apply in this instance. Rather, teaching
is an intentional, generative process. During teaching preparation, the tutor presumably contem-
plates what material to include or exclude, and how best to organize and present the selected
material (Fiorella, 2023; Fiorella & Mayer, 2016). The interpretation is that, as our students taught
material to others, they initiated and maintained generative processing. In particular, they rea-
soned with the material and elaborated on it whilst teaching, producing more elaborations. They
also reflected on the material and monitored their self-understanding, producing more monitor-
ing statements in their teaching scripts than study notes. Altogether, such elaborative and meta-
cognitive processes (reflective knowledge-building; Roscoe & Chi, 2007) could have helped
students make better sense of the material (Roscoe, 2014).

Moreover, our students demonstrated more audience-directed utterances when writing teach-
ing scripts than study notes, implicating stronger feelings of social presence. When directing their
teaching to an audience that is perceived as real, the tutor may adapt their teaching to suit their
audience’s learning needs (e.g., offering more elaborations for a less knowledgeable audience;
Wittwer et al., 2010), thus triggering greater generative processing and physiological arousal (for
discussions, see Hoogerheide et al., 2016; Lachner et al., 2022) that benefit the tutor’s learning. In
principle, a combination of these processes that are unique to the intentionality of teaching
others—purportedly different from those involved in producing egocentric content in study notes
for one’s own learning—may boost durable, meaningful learning.

Interestingly, though, extant studies have often observed no benefit of writing instructional
explanations over restudying (Hoogerheide et al., 2016) or self-explaining (Lachner et al., 2021)
or retrieval practice (Jacob et al., 2021; Lachner et al., 2021). This lack of effect has commonly
been attributed to lower feelings of social presence and generative processing in written explain-
ing, relative to oral explaining (Hoogerheide et al., 2016; Jacob et al., 2020; Lachner et al., 2018).
In contrast, the present field experiment found that writing verbatim teaching scripts enhanced
higher-order research question generation and concept application performance more than writ-
ing study notes, although both techniques did not differ in their effects on basic understanding.

Put together, these findings suggest that there could be important qualitative differences
between writing instructional explanations versus verbatim teaching scripts. In particular, whereas
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written instructional explanations tend to adopt written discourse (e.g., expository prose) that has
a relative focus on content, verbatim teaching scripts transcribe speech to text and are thus more
likely to also adopt spoken discourse (e.g., conversation) that has a relative focus on interpersonal
involvement (Lim et al., 2021; see also Tannen, 1983, 1985). Consequently, verbatim teaching
scripts may induce higher levels of social presence and generative processing for the tutor’s better
learning. Indeed, in their lab study, Lim et al. (2021) found that writing verbatim teaching scripts
was just as effective as oral teaching in increasing the tutor’s social presence, elaboration, and
learning, relative to a restudying control. Directly comparing the effects of writing verbatim
teaching scripts versus instructional explanations, as well as their underlying mechanisms,
presents an intriguing prospect for future laboratory work.

Limitations and future directions

The observed effect sizes (d=0.22 and 0.26 for research question generation relating to stand-
alone concepts vs. pairs of juxtaposed concepts, respectively) in the present field experiment
might seem modest by traditional standards, but based on recently proposed reclassified bench-
marks for effect sizes in educational interventions (Kraft, 2020), can be considered “large” relative
to the median effect size (d=0.17) for interventions using narrow measures of achievement out-
comes. Moreover, we note that the effect sizes here were based on comparisons with an active
learning control (writing study notes) as opposed to passive or “business-as-usual” learning meth-
ods that are known to be less effective (e.g., restudying). Indeed, recent meta-analyses have
observed smaller benefits of learning-by-teaching when comparing this technique against rela-
tively sophisticated control strategies that are known or expected to be effective (e.g., other gen-
erative activities, retrieval practice) than “business-as-usual” control strategies (Kobayashi, 2024;
Ribosa & Duran, 2022).

The present field experiment adopted a within-subjects design, wherein all students were
trained in and used both learning methods. They wrote study notes/teaching scripts for all con-
cepts concurrently during the intervention (take-home open-book assignment), and were tested
on all concepts concurrently at the final exam 1 month later. Given the nature of this field study
in an actual university course with implications for students’ grades, it was not ethically feasible
to randomly assign half of the participants to write study notes whereas the other half wrote
teaching scripts (i.e., use a between-subjects design). Otherwise, this could have inadvertently dis-
advantaged some students. While carryover effects are theoretically possible in a within-subjects
design, it should be noted that the pairing of concepts with learning methods had been fully
counterbalanced. Also, given the high-stakes nature of the final exam, there were no reasonable
grounds to expect that students would intentionally try to learn some prescribed concepts better
but not others. In other words, students would likely want to learn everything to their best abil-
ities, independently of the specific learning methods prescribed for the various concepts.

Whereas the present research tested the learning benefits of teaching for students, it would be
worthwhile to investigate the extent that these benefits apply to teachers too in the context of
teacher education. According to the National Research Council (1997), teachers often develop
their preferred methods of teaching and learning by experimenting with ways of teaching and
observing student reactions. In going beyond one’s own experiences, though, the science of edu-
cation literature provides ideas for student learning and, by logical extension, the teacher’s teach-
ing. In view that teaching one’s peers in turn improves the student’s own understanding of the
material, teaching other teachers or teacher trainees how to teach (e.g., how to revise one’s pres-
entation of a concept to students, or adapt a particular teaching strategy to become one’s own in
the classroom) could in turn improve the teacher’s own teaching skills. Future research ought to
test this hypothesis directly. As teachers prepare to teach, actually teach, and interact with their
students or colleagues, they gain learning opportunities too. In this way, teachers may not only
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contribute to pedagogical support, but also become models of the teachable apprentice who is
committed to continual development (see Duran & Topping, 2017 for a discussion).

Finally, the present field study subsumes under our broader goal of translating educational sci-
ence into usable practice at scale. Drawing inspiration from a now-classic backward design phil-
osophy (Wiggins & McTighe, 2005), educators would contemplate (a) what the desired student
learning outcome is—in this case, the ability to ask good research questions, (b) what constitutes
acceptable evidence of learning—do the research questions create new knowledge?, and (c) what
literature-informed instructional activities might serve the learning best—teaching-based learning
activities. We then established an inner circle of like-minded educators to promote this evidence-
based educational philosophy, inviting the wider teaching and learning communities at our uni-
versities to do the same. Most recently, we reached out to national, regional, and international
teaching communities beyond the university in calling for a translational educational science glo-
bally. Going forward, we are hopeful that more real-world applications of the learning sciences
and their reports are underway.

Note

1. Submissions were received from six students two weeks in advance of the due date, nine students one
week in advance, and the remaining 184 students during the last week.
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Table A.1 Question Levels Based on Bloom’s Taxonomy.

Level Category Associated Cognitive Processes Sample Action Prompts

1 Remember Answer requires recall/remembering of Identify, recognize, indicate, list, name specific
terminology, specific facts, definitions, and events, locations, people, dates, sources of
basic concepts covered in the text information (e.g., Who? What? Where?

When? Which?)

2 Understand Answer requires basic understanding (i.e., Describe, explain, give examples of, summarize,
descriptions, explanations, examples) of generalize
concepts in the text

3 Apply Answer requires using/applying acquired Predict, give other examples in other contexts,
knowledge, facts, and concepts in a new seek exceptions
situation or in a different way

4 Analyze Answer requires examining and breaking down Compare, contrast, differentiate, organize,
information into constituent parts by deconstruct
identifying motives/causes, making
inferences and finding evidence to support
generalizations, or seeking causes and/or
consequences

5 Evaluate Answer requires making judgments about Appraise, assess how effective/optimal or which
information, validity of ideas, or quality of is most important/valuable, check for
work based on a set of criteria discrepancies/inconsistencies in information

6 Create Answer requires creating new knowledge, ideas, Adapt, produce alternative hypotheses or

or perspectives by compiling information in a
different way, combining elements in a new
pattern, or proposing alternative solutions

solutions

Note. Reprinted from “To Ask Better Questions, Teach: Learning-by-Teaching Enhances Research Question Generation More
Than Retrieval Practice and Concept-Mapping” by S. S. H. Wong, K. Y. L. Lim, and S. W. H. Lim, 2023, Journal of Educational
Psychology, 115(6), p. 800. Copyright 2023 by American Psychological Association.
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