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Asking good questions is vital for scientific learning and discovery, but improving this complex skill is
a formidable challenge. Here, we show in two experiments (N= 152) that teaching others—learning-
by-teaching—enhances one’s ability to generate higher-order research questions that create new
knowledge, relative to two other well-established generative learning techniques: retrieval practice
and concept-mapping. Learners who taught scientific expository texts across natural and social sci-
ences topics by delivering video-recorded lectures outperformed their peers who practiced retrieval
or constructed concept maps when tested on their ability to generate create-level research questions
based on the texts (Experiment 1). This advantage held reliably even on a delayed test 48 hr later,
and when all learners similarly received and responded to poststudy questions on the material
(Experiment 2). Moreover, across both immediate and delayed tests, learning-by-teaching produced
a recall benefit that rivaled that of the potent technique of retrieval practice. In contrast, despite recall-
ing more than twice the study content that the concept-mapping group did, learners who practiced
retrieval were unable to generate more create-level research questions based on that content. Three sup-
plemental experiments (N= 168) further showed that retrieval practice consistently did not improve
higher-order question generation over restudying, despite yielding superior long-term retention.
Altogether, these findings reveal that simply possessing a wealth of factual knowledge is insufficient
for generating higher-order research questions that create new knowledge. Rather, teaching others is a
powerful strategy for producing deep and durable learning that enables research question generation.
To ask better questions, teach.

Educational Impact and Implications Statement
Scientific discovery often begins with the art of asking good questions. Here, we show that teaching oth-
ers enhances students’ ability to generate higher-order research questions that create new knowledge.
Across immediate and delayed tests, students who taught scientific material by delivering a video-
recorded lecture successfully generated more create-level research questions based on the material, as
compared to their peers who used well-established learning methods such as retrieval practice and con-
cept-mapping. While we teach, we learn to ask better research questions.
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It is easier to judge the mind of a man by his questions rather than his
answers.

—Pierre-Marc-Gaston de Lévis, Maximes et Réflexions
sur Différents Sujets de Morale et de Politique

To equip learners to tackle wicked real-world problems that
are complex, ill-structured, and dynamic (Rittel & Webber, 1973),
educators have applied inquiry- or problem-based approaches that
guide learners’ knowledge construction when reasoning about a
problem in successive iterations (e.g., Barrows & Tamblyn, 1980;
Hmelo-Silver, 2004; Pedaste et al., 2015). This inquiry process is crit-
ically driven and catalyzed by the questions that learners ask when
making sense of the problem (e.g., in articulating the problem space
and constraints, identifying assumptions and knowledge gaps to be
resolved), toward generating hypotheses and exploring solutions
(for discussions, see Agee, 2009; Alvesson & Sandberg, 2011;
Tawfik et al., 2020). Clearly, the ability to ask good research questions
is crucial for knowledge construction that, in turn, triggers further sci-
entific inquiry.
As set forth in the National Research Council’s (2013) Next

Generation Science Standards, proficiency in asking research ques-
tions is integral to scientific literacy. Besides stimulating inquiry,
questioning is a form of meaningful learning that piques students’
curiosity and interest in the subject matter, while diagnosing their
conceptual understanding and higher-order thinking (Chin &
Brown, 2002). Thus, improving students’ ability to formulate
good research questions has been of keen interest to researchers
and educators across the natural and social sciences (Chin &
Osborne, 2008; White, 2017). Here, we investigated the extent
that teaching others is a powerful way to enhance this valued educa-
tional outcome.

What Are Good Research Questions?

Questioning taxonomies and hierarchies have often categorized
research questions as the peak of students’ question types since they
involve complex thinking skills such as integrating knowledge in
new ways, relative to less sophisticated questions that are factual or
have readily available answers (Keeling et al., 2009; Marbach-Ad &
Sokolove, 2000). For instance, questions that specify contingencies
or cause-and-effect relations among various phenomena, as opposed
to simply describing their properties or comparing them, have been
classified as higher-order questions that characterize expert-like rea-
soning (Tawfik et al., 2020), representing the kind of knowledge
that scientific inquiry ultimately aspires toward (Dillon, 1984; see
also Allison & Shrigley, 1986; Cuccio-Schirripa & Steiner, 2000;
Hartford & Good, 1982).
Indeed, good research questions are not only grounded in extant

knowledge, but are further aimed at creating new knowledge, thereby
contributing to theoretical and practical innovation. In educational
contexts, Bloom’s classic taxonomy (Anderson et al., 2001; Bloom,
1956) has often been used to differentiate such higher-order questions
from lower-order ones (Agarwal, 2019; Renaud & Murray, 2007),
with students’ question quality correlating positively with measures
of their academic achievement (Graesser & Person, 1994; Harper et
al., 2003; Person et al., 1994). Specifically, Bloom’s taxonomy out-
lines six distinct categories of cognitive processes in increasing com-
plexity, ranging from the remember and understand categories that
are associated with “lower-order” learning requiring memory and

comprehension, to the apply, analyze, evaluate, and create categories
that constitute “higher-order” learning (see Table 1). Notably, good
research questions can be viewed as questions reflecting the create cat-
egory—the pinnacle or “holy grail” of Bloom’s taxonomy, whereby
one combines or reorganizes elements to form a new structure by gen-
erating hypotheses (Anderson et al., 2001).

Whereas enhancing students’ research question generation is a
vital educational goal, attaining it remains a formidable challenge.
Notwithstanding low rates of student questioning in classrooms
(Dillon, 1988; Graesser & Person, 1994; Newman & Goldin,
1990), even when students do ask questions, the majority of these
tend to be lower-order ones (Dillon, 1988; Keeling et al., 2009).
How can we boost students’ ability to generate higher-order research
questions? In view that formulating such questions requires building
connections among various elements of to-be-learned material and
integrating them to create new knowledge, learning strategies that
promote such generative processes may offer a promising solution.

Generative Learning

Grounded in the constructivist view of learning (Steffe & Gale,
1995), generative learning involves actively constructing meaning
by integrating incoming information with one’s prior knowledge
and experiences (Osborne & Wittrock, 1983; Wittrock, 1974; see
also Chi, 2009). For instance, Mayer’s (1984, 1996, 2014) select–
organize–integrate model posits that meaningful learning draws on
three cognitive processes: selecting relevant information, organizing
the selected information into a coherent mental representation, and
integrating the newly constructed representation with existing
knowledge structures. Accordingly, generative learning strategies
are those that encourage learners to meaningfully make sense of
to-be-learned information through engaging in such cognitive pro-
cesses (Fiorella & Mayer, 2015, 2016). Of particular interest, one
such generative strategy is learning-by-teaching.

Learning-by-Teaching

A growing body of research has shown that teaching others
enhances one’s own learning of the taught material (e.g., Bargh &
Schul, 1980; Duran & Topping, 2017; Fiorella & Mayer, 2013;
Roscoe & Chi, 2007; for recent meta-analyses, see Kobayashi, 2019;
Lachner et al., 2021; Ribosa & Duran, 2022). Learning-by-teaching
has often been implemented via peer tutoring in classrooms or syn-
chronous online learning environments (e.g., Roscoe & Chi, 2007,
2008; for meta-analyses, see Bowman-Perrott et al., 2013; Cohen et
al., 1982; Leung, 2019), or via computer-based teachable agents in
educational software (e.g., Biswas et al., 2005; Chin et al., 2010).
However, teaching also benefits the tutor’s learning when their audi-
ence is imaginary rather than physically present or remote (Lachner
et al., 2022), as when delivering video-recorded lectures to fictitious
others (e.g., Fiorella & Mayer, 2013; Hoogerheide et al., 2014,
2016, 2019) or even writing a verbatim teaching script (Lim et al.,
2021).

Why is teaching beneficial for the tutor’s own learning? To date,
three main nonmutually exclusive accounts have been established:
(a) the retrieval hypothesis, (b) the generative hypothesis, and (c)
the social presence hypothesis (for a review, see Lachner et al.,
2022). According to the retrieval hypothesis, teaching frommemory
involves substantive retrieval of the material, thereby inducing
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testing effects that improve the tutor’s learning (Koh et al., 2018).
Second, the generative hypothesis suggests that teaching encourages
generative processes that boost the tutor’s learning when selecting,
organizing, and integrating new information with one’s knowledge
structures (Fiorella & Mayer, 2016; Roscoe & Chi, 2008), while
monitoring one’s own understanding (Lachner et al., 2020; Muis
et al., 2016). Third, the social presence hypothesis posits that teach-
ing an audience induces social presence—an awareness of others
and viewing them as “real” (Gunawardena, 1995; Short et al.,
1976)—that triggers greater generative processing for better learning
(Hoogerheide et al., 2016, 2019; Jacob et al., 2020; Lachner et al.,
2021). In principle, a combination of any of these teaching-related
processes may promote deeper knowledge inquiry and (re)
construction.
The teaching process entails three stages that each uniquely con-

tributes to the learning benefits of teaching: expecting to teach, actu-
ally teaching, and responding to tutee questions (Fiorella & Mayer,
2013, 2014, 2015; Kobayashi, 2019; Nestojko et al., 2014; Roscoe
& Chi, 2007, 2008). For instance, expecting to teach may motivate
students to select relevant information and organize it in a coherent
mental structure during their teaching preparation in anticipation of
their tutees’ needs, thereby facilitating deep learning (Bargh &
Schul, 1980; Benware & Deci, 1984). Subsequently, actually teach-
ing—for example, by explaining the material to a target audience via
a video-recorded lecture—encourages the tutor’s reflective
knowledge-building when generating inferences during their expla-
nations, thus stimulating the construction and integration of new
ideas with their prior knowledge (Roscoe & Chi, 2007, 2008).
Responding to tutee questions may then prompt the tutor’s self-
monitoring of their comprehension as they detect and remedy any
gaps in their understanding, while promoting further knowledge-
building and creation of previously unconceived connections
when elaborating in more detail or clarifying content in different
ways (Kobayashi, 2018; Roscoe, 2014; Roscoe & Chi, 2008; see
also Lachner et al., 2020).
Together, these generative processes may enable the tutor to build

rich mental models of the taught information that aid meaningful
learning (Coleman et al., 1997). According to Kintsch’s (1988,

1994) construction–integration model, textual information can be
processed at the textbase level (i.e., mentally representing proposi-
tional content as explicitly stated in the text) and situation model
level (i.e., a global representation of the text’s meaning by creating
a mental model of the implicit causal relations between proposi-
tions). Whereas textbase level processing may suffice for recalling
a text, it is often insufficient for deeper understanding. Rather, learn-
ers must construct a situation model of the text by elaborating on and
integrating it with their relevant prior knowledge, such as by going
beyond the text to make inferences about its implicit relations. By
prompting the tutor to select, organize, and integrate information,
learning-by-teaching may thus facilitate the construction of a cohe-
sive global representation of the text as integrated with one’s prior
knowledge, in turn benefiting higher-order learning that demands
an elaborate situation model (Coleman et al., 1997; Guerrero &
Wiley, 2021).

Indeed, learning-by-teaching has proven helpful for a variety of
educational outcomes across immediate and delayed tests
(Kobayashi, 2019), attesting to the efficacy of this technique for pro-
ducing learning that is both meaningful and durable. For instance,
teaching has been found to enhance the tutor’s memory for and com-
prehension of scientific expository texts, as assessed via recall tests
and inference questions that require making connections among
ideas in the text (Fiorella & Mayer, 2013, 2014; Guerrero & Wiley,
2021; Nestojko et al., 2014). In addition, learning-by-teaching bene-
fits higher-order transfer in applying the studied information to new
problems (Coleman et al., 1997; Hoogerheide et al., 2014, 2016).

To date, however, the effects of learning-by-teaching on the com-
plex educational outcome of research question generation have not
been explored. Yet, the deep learning that teaching promotes may
boost the tutor’s ability to formulate higher-order research questions
that create new knowledge based on the taught material. The present
research investigated this possibility.

The Present Study

Here, we tested the benefits of learning-by-teaching for research
question generation and further examined whether these benefits

Table 1
Question Levels Based on Bloom’s Taxonomy

Level Category Associated cognitive processes Sample action prompts

1 Remember Answer requires recall/remembering of terminology, specific facts,
definitions, and basic concepts covered in the text

Identify, recognize, indicate, list, name specific events,
locations, people, dates, sources of information (e.g., Who?
What? Where? When? Which?)

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

Describe, explain, give examples of, summarize, generalize

3 Apply Answer requires using/applying acquired knowledge, facts, and
concepts in a new situation or in a different way

Predict, give other examples in other contexts, seek exceptions

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

Compare, contrast, differentiate, organize, deconstruct

5 Evaluate Answer requires making judgments about information, validity of
ideas, or quality of work based on a set of criteria

Appraise, assess how effective/optimal or which is most
important/valuable, check for discrepancies/inconsistencies
in information

6 Create Answer requires creating new knowledge, ideas, or perspectives by
compiling information in a different way, combining elements in a
new pattern, or proposing alternative solutions

Adapt, produce alternative hypotheses or solutions
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persist over a delay after the initial learning session. The “gold stan-
dard” of educational innovation is to compare a novel intervention
against existing practice (Roediger & Pyc, 2012). Thus, we com-
pared learning-by-teaching against two other well-established gener-
ative learning techniques in contemporary education: retrieval
practice and concept-mapping.
Over the past decades, an explosion of research on retrieval prac-

tice—the act of testing oneself from memory—has robustly shown
that it is a potent technique for enhancing durable and meaningful
learning (Roediger & Karpicke, 2006a, 2006b; for recent reviews,
see Adesope et al., 2017; Agarwal et al., 2021; Carpenter et al.,
2022; Karpicke, 2017; Yang et al., 2021). Besides reducing mind-
wandering (Wong & Lim, 2022a), the generative learning strategy
of retrieval practice prompts learners to selectively activate and
retrieve relevant knowledge, organize it by strengthening connec-
tions among learned ideas, and integrate the learned information
with their prior knowledge by building new connections (Fiorella
&Mayer, 2015, 2016). For instance, the elaborative retrieval account
(Carpenter, 2009, 2011) posits that retrieval activates cue-related
semantic information, which may become bound with the target
information to yield a more elaborated memory trace that aids future
recall. Although some studies have questioned the benefits of
retrieval practice for some complex learning outcomes such as infer-
encing (McDaniel et al., 2009; Nguyen &McDaniel, 2016) and inte-
grative argumentation (Wong & Lim, 2019a), other studies have
reported that retrieval practice improves not only recall (see
Rowland, 2014 for a meta-analysis) but also transfer of learning
(e.g., Butler, 2010; Wong et al., 2019; for reviews, see Adesope et
al., 2017; Carpenter, 2012; Pan & Rickard, 2018). Indeed, retrieval
practice has been hailed as a high-utility learning technique with
broad applicability across diverse learning materials, outcome mea-
sures, retention intervals, and learner characteristics, relative to other
techniques that students commonly adopt such as highlighting, sum-
marizing, and rereading (Dunlosky et al., 2013).
Likewise, concept-mapping is a generative learning strategy that

involves actively making sense of incoming information (Fiorella
& Mayer, 2015, 2016; Karpicke & Blunt, 2011b). In concept-
mapping, learners graphically organize to-be-learned material by
selecting key concepts to be represented as nodes, while organizing
them into a coherent structure using links that represent their rela-
tions, and integrating the information with prior knowledge by deter-
mining the overall hierarchical arrangement of concepts (Novak &
Gowin, 1984). This technique is widely used in diverse educational
settings across science, technology, engineering, and mathematics
(STEM) and non-STEM subjects alike. Moreover, concept-mapping
has been found to be effective for knowledge retention and transfer,
relative to other instructional conditions such as participating in lec-
tures or discussions, and constructing lists or outlines (Chularut &
DeBacker, 2004; Nesbit & Adesope, 2006; Schroeder et al.,
2018). Thus, both retrieval practice and concept-mapping served
as strong contenders against learning-by-teaching in enhancing the
higher-order outcome of generating research questions.1

In two experiments, all learners were first instructed on generating
create-level research questions based on the same training proce-
dures. After which, they received a scientific expository text on
either a natural or social science topic (“food allergies” or “intelli-
gence quotient”) and were randomly assigned to study it using one
of three learning methods: either (a) constructing a concept map
that graphically organized the text’s ideas, (b) practicing retrieval

of the text via a free recall procedure, or (c) teaching the text by pre-
paring teaching notes, delivering a video-recorded lecture to a fic-
titious audience with reference to one’s notes, and responding to
“tutee” questions. All learners were then similarly tested on their
ability to generate create-level research questions based on the
studied text, as well as their recall of the text content. In
Experiment 1, the final tests were administered immediately after
the initial study session. Experiment 2 aimed to replicate
Experiment 1’s effects, while probing whether they held durably
on a delayed test 48 hr later. Furthermore, to ascertain that any
learning benefits of teaching did not stem from answering “tutee”
questions per se, learners in Experiment 2’s concept-mapping
and retrieval practice conditions similarly received and answered
questions about the study material.

Experiment 1

Method

Transparency and Openness

We report how we determined our sample size, all data exclusions
(if any), all manipulations, and all measures in the study, and we fol-
low the APA Journal Article Reporting Standards. All data and
experimental materials are available in the online supplemental
materials. Data were analyzed using SPSS version 26. This study’s
design and analyses were not preregistered.

Participants

Seventy-eight undergraduate students (50 were female) aged
between 19 and 25 (M= 20.63, SD= 1.62) from the National
University of Singapore participated in this study. There were 26 par-
ticipants each in the concept-mapping, retrieval practice, and
learning-by-teaching groups. The three learning groups did not signif-
icantly differ in their mean age or proportion of men and women.
Previous studies that directly compared retrieval practice versus
concept-mapping (Karpicke & Blunt, 2011b; O’Day & Karpicke,
2021) reported effect sizes ranging from d= 0.85 to 1.54. Based on
the most conservative effect size, a power analysis (G*Power; Faul
et al., 2007) indicated that at least 23 participants per condition
were required to observe a retrieval-based learning effect for two-
tailed between-subjects pairwise comparisons at 80% power and
α= .05. The present sample size also afforded sufficient sensitivity
to detect effects of d≥ 0.79 for two-tailed between-subjects pairwise
comparisons at 80% power and α= .05, similar to the median effect
size of learning-by-teaching (d= 0.77) reported by Fiorella and
Mayer (2015). All experiments were conducted with ethics approval
from our university’s Institutional Review Board. Participants
received either course credit or cash remuneration for their participa-
tion and provided their informed consent.

1We did not include a nongenerative learning control condition (e.g.,
restudying) because the primary aim of the present study was to compare
learning-by-teaching against prevailing “best practice” strategies that are
known to be beneficial, rather than “business-as-usual” strategies that are
known to be less effective. Indeed, much prior research has robustly shown
that generative learning techniques such as learning-by-teaching and retrieval
practice produce greater gains than mere restudying (e.g., Adesope et al.,
2017; Ribosa & Duran, 2022; Rowland, 2014).
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Design

Experiment 1 used a between-subjects design with learning strat-
egy as the key independent variable, whereby participants were ran-
domly assigned to either the concept-mapping, retrieval practice, or
learning-by-teaching condition. To ascertain that any effects of the
learning strategies generalized across knowledge domains in the nat-
ural versus social sciences, we included study text as a second inde-
pendent variable for control purposes, whereby participants were
randomly assigned to study a text on either “food allergies” or “intel-
ligence quotient.”
The two main outcomes of interest were: (a) learners’ research

question generation performance, as assessed via the number of
questions they posed that fulfilled the create level of Bloom’s taxon-
omy, and (b) learners’ recall performance, as assessed via the num-
ber of idea units from the study texts that they correctly recalled on
an immediate test.

Materials

Question Generation Training. To ensure that all participants
understood what was required of them in generating research ques-
tions (i.e., create questions), they were trained on all question levels
corresponding to Bloom’s taxonomy. This procedure was intended
to facilitate learners’ holistic understanding of the various question
types and to guide them in differentiating among questions that con-
stituted research questions versus those that did not. Participants
received a printed handout (see Table 1) that introduced and
explained the features of remember, understand, apply, analyze,
evaluate, versus create questions, alongside sample action prompts
associated with each question level. Participants were also given a
199-word practice text on “enzymes” (adapted from Meyer, 1975;
available in the online supplemental materials) from which they
practiced generating questions. The “enzymes” practice text did
not relate to either of the critical study texts.
Study Texts. The critical study texts were two scientific expos-

itory texts on “food allergies” and “intelligence quotient” (adapted
from Griffin et al., 2019; available in the online supplemental mate-
rials), with Flesch-Kincaid grade levels of 12.4 and 12.3, respec-
tively. Both texts contained four paragraphs with 20 sentences and
310 words each. For scoring purposes, we identified 40 idea units
in each text. A sample idea unit in the “food allergies” text was:
“The allergic reaction to food particles can be manifested as skin
rashes,” whereas a sample idea unit in the “intelligence quotient”
text was: “Even identical twins differ in IQ.”
Prelearning Questionnaire. As prior knowledge has been

associated with the generation of higher-quality questions (Harper
et al., 2003; Taboada & Guthrie, 2006), we ascertained that the
learning groups did not differ in their prior knowledge of the
study texts. Before reading the texts, learners reported how much
prior knowledge they had about their respective topic (1= not at
all; 5= a lot), and indicated whether or not they possessed prior
knowledge of eight specific content items related to each topic on
a yes/no scale (adapted from Fiorella &Mayer, 2013, 2014; available
in the online supplemental materials). Sample content items include:
“I know what lactase is” for the “food allergies” topic, and “I know
what cognitive processes are” for the “intelligence quotient” topic. A
prior knowledge score was computed for each learner by summing
their prior knowledge rating (out of 5) and the number of content

items that they reported having prior knowledge of (out of 8), with
a maximum possible score of 13. As opposed to presenting actual
test questions, this relatively more indirect measure of prior knowl-
edge was used to avoid inducing any retrieval-based learning effects
in the concept-mapping and learning-by-teaching conditions. In
addition, participants made a judgment of learning (JOL) by predict-
ing how well they thought they would perform on a test on their
respective study topic (1= very poorly; 5= very well).

Standard Questions. A pool of 32 standard questions—16
questions for each critical study text—was constructed to be pre-
sented as “tutee” questions in the learning-by-teaching condition.
Each standard question was based directly on the content from one
of the four paragraphs in the critical study text, and took on one of
four forms corresponding to the understand and apply levels of
Bloom’s taxonomy, either: (a) “Could you give an example of
X?” or (b) “Knowing X, how might we apply this to Y?” or (c)
“Could you summarize and explain X?” or (d) “How does X relate
to Y?” A sample question for the “food allergies” text was:
“Could you summarize and explain why the bacteria-killing proper-
ties of antibiotics could be bad?” whereas a sample question for the
“intelligence quotient” text was: “Could you summarize and explain
why genetic differences between races are usually superficial?” All
standard questions, as well as the frequency at which each question
was asked, are listed in the online supplemental materials.

Procedure

Training Phase. Upon arriving at the research laboratory, all
learners were first trained on question generation, during which
they received a printed handout that described and explained the var-
ious question levels based on Bloom’s taxonomy. Learners were
then presented with the “enzymes” practice text and were given 5
min to practice generating one apply, one analyze, and one evaluate
question based on the text. Then, learners were given 4 min to prac-
tice generating two create questions (i.e., research questions) based
on the “enzymes” text. For each question level, learners received
concise verbal feedback on the questions that they generated.
Specifically, learners were advised within a sentence whether their
question(s) correctly reflected the intended question level and, if
not, how they could modify their question(s) appropriately.

Study Phase. After completing the question generation train-
ing, participants responded to the prelearning questionnaire. Then,
they were given a handout of the critical study text and a blank
sheet of paper to write their responses, and were instructed on the
learning strategy that they had been randomly assigned to use.
Participants completed the study phase individually, which spanned
18 min. Thus, the total study duration was exactly matched across all
learning conditions.

In the concept-mapping condition, learners were instructed on the
characteristics of concept maps such as the use of labeled nodes
denoting key concepts and links denoting the relations among
these concepts. Learners were also shown examples of good concept
maps for illustration (adapted from Novak, 2005). To further ascer-
tain that learners fully understood what was required of them, they
were asked to practice drawing a concept map of a brief 42-word
text on “muscle tissue” (adapted from Karpicke & Blunt, 2011b)
that was not related to either of the critical study texts. Then, learners
were given 18min to construct a concept map of their respective crit-
ical study text on either “food allergies” or “intelligence quotient.”
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In the retrieval practice condition, the 18-min study period
comprised four consecutive 4.5-min blocks, during which partici-
pants alternated between studying their respective critical study
text and practicing retrieval (i.e., study–retrieve–study–retrieve;
e.g., Karpicke & Blunt, 2011b; Karpicke & Roediger, 2007).
Specifically, learners first studied the text for 4.5 min, then engaged
in retrieval for 4.5 min by writing down as much information from
the text as they could remember. Following this, learners restudied
the text for 4.5 min and recalled it again for 4.5 min. This free recall
procedure is a commonly adopted and effective form of retrieval-
based learning (Bae et al., 2019; Karpicke & Blunt, 2011b;
Roediger & Karpicke, 2006a).
In the learning-by-teaching condition, participants were first

given 10 min to prepare teaching notes of the study text, before
teaching the material for 3 min with reference to their notes while
being filmed. So that participants taught with a target audience in
mind for an authentic teaching experience, they were informed
that their video-recorded lecture would subsequently be viewed by
an audience for educational and research purposes (Fiorella &
Mayer, 2013, 2014). Then, to simulate teacher–student interactions
that typically occur in real-world classroom settings (e.g., Fiorella &
Mayer, 2015; Roscoe &Chi, 2007, 2008), the experimenter posed as
a “tutee” and asked the participant questions about their lesson (e.g.,
Bargh & Schul, 1980). All questions were drawn from the pool of
standard questions that had been prepared prior to the experiment.
The questioning segment lasted for 5 min or when eight questions
had been asked, whichever limit was reached first. Participants
were asked only questions that directly related to the content that
they had taught—this ensured that the questions posed were relevant
to their lesson and that no “new” content was inadvertently intro-
duced. For instance, if participants had mentioned ideas drawn
from a particular paragraph of the study text during their teaching,
they were asked a corresponding standard question that was associ-
ated with that paragraph. As when teaching, participants were
allowed to refer to their self-made notes when responding to their
“tutee’s” questions—this ensured that there was no need or reason
for participants to engage in retrieval (Koh et al., 2018).
Participants were not provided with any feedback on their responses
to the questions, similar to how concept-mapping and retrieval prac-
tice participants did not receive any feedback on their study
responses.
Test Phase. All participants then completed a 10-min research

question generation test without reference to the study text, in
which they generated and wrote down as many create-level research
questions as they could based on the text content that they had earlier
studied. Next, participants completed a 5-min recall test in which
they wrote down as much information as they could remember
from the study text. Participants were allowed to paraphrase the
information in their own words and write down their responses in
point form. Finally, participants were debriefed and thanked.

Results

Scoring

Participants’ research question generation performance was scored
as the number of questions they generated that reflected the create
level of Bloom’s taxonomy. Specifically, a question would be consid-
ered a create question if its answer required creating new knowledge,

ideas, or perspectives by compiling information from the study texts
in a different way, combining elements in a new pattern, or proposing
alternative solutions or hypotheses that had not been mentioned in the
study texts (see Table 1). Questions that did not fulfill these criteria
(e.g., those that corresponded to the other levels of Bloom’s taxon-
omy: remember, understand, apply, analyze, or evaluate) did not
receive any points as create questions but were scored as non-create
questions. For instance, sample create-level research questions for
the “food allergies” versus “intelligence quotient” topics were:
“How can the immune system be made to ‘forget’ a tagged irritant
so that food allergies can be cured?” and “How can we make an IQ
test fair to every person regardless of their social conditions?”
Conversely, sample non-create questions for the “food allergies” ver-
sus “intelligence quotient” topics were: “Besides skin rashes and
inflammation, what other food allergic reactions occur?” and “Do
genes or environmental factors play a larger role in shaping
intelligence?”

In addition, participants’ recall performance was scored as the
number of idea units from the critical study text that they correctly
recalled on the recall test, with a maximum score of 40. Both verba-
tim restatements and paraphrases that preserved the meaning of the
text content were considered correct.

Two raters independently scored 16 of the 78 (20%) scripts blind
to experimental condition. Interrater reliability was high for the clas-
sification of participants’ generated questions as create versus non-
create questions, Cohen’s kappa (κ)= .92. There was also high
interrater reliability when scoring the total number of create-level
research questions generated and the number of idea units that
each participant recalled at test, absolute agreement intraclass corre-
lation (ICC)= .97 and .99, 95% CI [.92, .99] and [.98, .99], respec-
tively, based on a two-way random-effects model. Discrepancies
were reviewed and resolved through discussion to reach 100% agree-
ment. Given the high interrater reliability, the remaining scripts were
scored by one rater.

Preliminary Analyses

We ascertained that the three learning groups did not significantly
differ in their self-reported prior knowledge of the study texts, F(2,
75)= 0.86, p= .43, ηp

2= .02. Out of a total possible score of 13, par-
ticipants reported relatively low prior knowledge across the concept-
mapping (M= 4.62, SD= 2.04), retrieval practice (M= 4.46, SD=
2.18), and learning-by-teaching (M= 5.35, SD= 3.38) conditions.
In addition, participants’ JOL predictions of their test performance
did not differ across the concept-mapping (M= 1.77, SD= 0.91),
retrieval practice (M= 1.85, SD= 0.93), and learning-by-teaching
(M= 2.08, SD= 1.06) conditions, F(2, 75)= 0.72, p= .49,
ηp
2= .02.

Main Analyses

Research Question Generation Performance. A 3 (learning
strategy)× 2 (study text) between-subjects analysis of variance
(ANOVA) revealed that the three learning groups significantly dif-
fered in their research question generation performance, F(2,
72)= 9.03, p, .001, ηp

2= .20. As expected, learners who had
taught (M= 4.19, SD= 2.32) generated more create-level research
questions than those who had constructed concept maps (M= 2.31,
SD= 1.59) or practiced retrieval (M= 2.42, SD= 1.65), p, .001
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and p= .001, d= 0.95 and 0.88, respectively; the latter two groups
did not differ, p= .82. There was also a significant main effect of
study text, F(1, 72)= 9.20, p= .003, ηp

2= .11, whereby participants
generated more research questions for the “food allergies” (M=
3.59, SD= 2.28) than “intelligence quotient” (M= 2.36, SD=
1.60) text on overall. Importantly, however, there was no Learning
Strategy× Study Text interaction, F(2, 72)= 0.80, p= .45,
ηp
2= .02, indicating that the advantage of learning-by-teaching gen-
eralized across study topics from both the natural and social sciences
(Figure 1A).
Nonresearch Question Generation Performance. Whereas

participants were explicitly instructed to generate create-level research
questions at test, they inadvertently generated some non-create ques-
tions too (i.e., questions that did not fulfill the criteria for the create
level of Bloom’s taxonomy). Although non-create questions were
not the main focus of this study, we report the data here for complete-
ness. A 3 (learning strategy)× 2 (study text) between-subjects
ANOVA indicated no significant difference in the number of non-
create questions that the concept-mapping (M= 7.15, SD= 3.32),
retrieval practice (M= 6.92, SD= 2.93), and learning-by-teaching
(M= 8.12, SD= 4.01) groups generated, F(2, 72)= 0.87, p= .42,
ηp
2= .02. The number of non-create questions that learners generated
also did not significantly differ across the “food allergies” (M= 7.03,
SD= 3.46) and “intelligence quotient” (M= 7.77, SD= 3.43) texts,
F(1, 72)= 0.90, p= .35, ηp

2= .01. Neither was there a Learning

Strategy× Study Text interaction, F(2, 72)= 0.79, p= .46,
ηp
2= .02. Thus, the learning-by-teaching advantage for question gen-
eration performance was specific to create-level research questions
that all participants had been instructed to formulate at test, rather
than any type of question in general.

Recall Test Performance. Analyzing participants’ recall test
performance, a 3 (learning strategy)× 2 (study text) between-subjects
ANOVA revealed that the three learning groups significantly differed,
F(2, 72)= 3.29, p= .043, ηp

2= .08. Learning-by-teaching partici-
pants (M= 15.04, SD= 4.80) recalled more idea units from the
study text than concept-mapping participants (M= 11.96, SD=
4.32), p= .014, d= 0.67, whereas retrieval practice participants
(M= 13.96, SD= 3.91) did not significantly differ from either
concept-mapping or learning-by-teaching participants in their
recall, p= .11 and .38, respectively. Learners’ recall performance
did not significantly differ across the “food allergies” (M= 14.21,
SD= 4.49) and “intelligence quotient” (M= 13.10, SD= 4.48)
texts, F(1, 72)= 1.23, p= .27, ηp

2= .02. There was also no
Learning Strategy× Study Text interaction, F(2, 72)= 0.33,
p= .72, ηp

2= .01 (Figure 1B).

Discussion

Experiment 1 provided initial evidence for a learning-by-teaching
benefit on the higher-order educational outcome of research question
generation. As compared to their peers who practiced retrieval or
constructed concept maps, learners who taught were subsequently
more successful in generating more create-level research questions
based on the study material. In addition, learning-by-teaching
improved participants’ retention of the material over concept-
mapping and did not significantly differ from retrieval practice.

Notwithstanding retrieval practice as a well-established strategy
for enhancing knowledge retention (Dunlosky et al., 2013;
Karpicke, 2017), it did not produce better recall than concept-
mapping. While somewhat surprising, this finding is consistent
with the lack of a retrieval practice benefit in some other studies
that similarly administered the final test shortly after the learning
phase, rather than after a longer lag (Roediger & Karpicke, 2006a,
2006b). For instance, Roediger and Karpicke (2006a) observed
that repeated studying outperformed retrieval practice when the
final recall test was given after 5 min, but that the opposite pattern
occurred on delayed recall tests given either 2 days or 1 week
later, whereby retrieval practice improved long-term retention
more than repeated studying. Thus, it is possible that the lack of a
testing effect in Experiment 1 was due to the absence of a delay
between the studying phase and the immediate final test. Hence,
Experiment 2 was conducted to foreclose this issue using delayed
final tests.

Experiment 2

Experiment 2 aimed to replicate Experiment 1’s findings and extend
them in two ways. First, we sought to determine the effectiveness of
learning-by-teaching for durable learning and research question gener-
ation. Whether learning-by-teaching effects obtain on delayed tests is
particularly important because education ultimately aims to promote
long-term learning rather than transient gains. Moreover, techniques
that enhance short-term performance may not necessarily yield the
same advantage for long-term learning (Soderstrom & Bjork, 2015).

Figure 1
Immediate Final Test Performance Across Learning Conditions
and Study Topics (Experiment 1)

Note. A and B show the mean research question generation and recall test
scores, respectively. Error bars indicate standard errors.
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Accordingly, the final tests in Experiment 2 were administered after a
48-hr delay following the study phase, rather than immediately after it.
This simultaneously ensured favorable conditions for the retrieval prac-
tice group to be maximally well-poised for greater success; although
retrieval practice can benefit retention at shorter intervals of less than
1 day, testing effects tend to be larger with longer retention intervals
of at least 1 day (Adesope et al., 2017; Rowland, 2014). Thus, the
delayed tests in Experiment 2 provided a more stringent assessment
of learning-by-teaching’s efficacy over retrieval practice and
concept-mapping.
Second, although Experiment 1 faithfully administered all three

learning methods in the way that they have typically been used in
research and educational settings, as well as within the exact same
learning duration, it is possible that some defining elements that
are unique to learning-by-teaching may have placed it at an advan-
tage. In particular, learning-by-teaching participants received and
responded to standard “tutee” questions about their teaching,
whereas concept-mapping and retrieval practice participants did
not since responding to an audience’s questions does not ordinarily
comprise a defining feature of these methods. Hence, the
learning-by-teaching advantage in Experiment 1 may have been
driven by exposure to or engagement with more questions during
study, even if these were “lower-order” questions that did not consti-
tute research questions. To rule out this alternative account, all par-
ticipants in Experiment 2—including those in the concept-mapping
and retrieval practice groups—were similarly presented with stan-
dard questions to answer during the study phase.

Method

Participants

The participants were 78 undergraduate students (51 were female)
aged between 18 and 28 (M= 21.77, SD= 2.13) from the National
University of Singapore. Outcomes reported below are based on data
from 74 participants—two participants failed to return for the
delayed final test, and two participants who did not follow the exper-
imental instructions were excluded from subsequent analyses. The
final sample comprised 26 participants in the learning-by-teaching
group and 24 participants each in the concept-mapping and retrieval
practice groups. The three learning groups did not significantly differ
in their mean age or proportion of men and women.

Design, Materials, and Procedure

The design, materials, and procedure were identical to those in
Experiment 1 but with two crucial differences. First, the standard
questions on the critical study texts were presented to all three learn-
ing groups during a 5-min questioning segment at the end of the
study phase. Accordingly, the study phase duration was extended
from 18 to 23 min across all learning conditions—after completing
the question generation training and prelearning questionnaire, par-
ticipants studied their respective critical study text (either “food
allergies” or “intelligence quotient”) for 18 min using the learning
method that they had been randomly assigned, followed by a
5-min questioning segment. Specifically, as in Experiment 1:
Concept-mapping participants were instructed and trained on the
basic characteristics of concept maps before being given 18 min to
construct a concept map of the text; retrieval practice participants
alternated between studying and practicing retrieval of the text

over four 4.5-min periods for a total of 18 min; learning-by-teaching
participants prepared teaching notes of the text for 13 min, then
taught the material with reference to their self-made notes whilst
being filmed for 5 min. After the 18-min period, all participants
underwent a questioning segment in which they were presented
with standard questions on the text, one at a time and in a randomized
order, and responded to these questions for a duration of 5 min or up
to eight questions, whichever limit was reached first. All participants
were allowed to refer to the study text or their self-made teaching
notes when answering the standard questions. Across all learning
conditions, no feedback on participants’ responses to the standard
questions was provided.

To control the frequency at which each standard question was pre-
sented across learning conditions, we computed the presentation fre-
quency of each of the standard questions as a percentage of all
questions that had been asked during the questioning segment in
Experiment 1’s learning-by-teaching condition. We expected that
the presentation frequency of the standard questions in Experiment
1 would provide reasonable estimates of how often each of these
same questions would eventually be posed to learning-by-teaching
participants in Experiment 2. Accordingly, we closely matched the
relative frequency at which each standard question was asked in
Experiment 1 to how often it was presented to Experiment 2’s
concept-mapping and retrieval practice groups (see the online sup-
plemental materials).

Second, a crucial procedural departure from Experiment 1 was
that the final tests were administered after a 48-hr retention interval.
Two days after all participants had studied their respective critical
study text, they returned to the lab for a final research question gen-
eration test and recall test.

Results

Scoring

Two independent raters whowere blind to experimental condition
scored 15 of the 74 (20%) scripts in the same way as in Experiment
1. Interrater reliability was high for the classification of participants’
generated questions as create versus non-create questions, Cohen’s
κ= .91. There was also high interrater reliability when scoring the
total number of create-level research questions generated and the
number of idea units that each participant recalled at test, absolute
agreement ICC= .96 and .96, 95% CI [.87, .99] and [.85, .99],
respectively, based on a two-way random-effects model.
Discrepancies were reviewed and resolved through discussion to
reach 100% agreement. Given the high interrater reliability, the
remaining scripts were scored by one rater.

Preliminary Analyses

As in Experiment 1, we first ascertained that participants did not
significantly differ in their self-reported prior knowledge of the
study texts, F(2, 71)= 1.24, p= .30, ηp

2= .03. On overall, partic-
ipants reported relatively low prior knowledge of the material
across the concept-mapping (M= 4.21, SD= 2.00), retrieval prac-
tice (M= 4.29, SD= 2.33), and learning-by-teaching (M= 5.19,
SD= 2.93) conditions, out of a total possible score of 13.
In addition, the concept-mapping (M= 2.08, SD= 1.06),
retrieval practice (M= 1.87, SD= 0.85), and learning-by-teaching
(M= 2.23, SD= 1.07) groups did not significantly differ in their
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JOLs when predicting how well they would perform when tested,
F(2, 71)= 0.79, p= .46, ηp

2 = .02.

Main Analyses

Research Question Generation Performance. Replicating
Experiment 1’s findings, a 3 (learning strategy)× 2 (study text)
between-subjects ANOVA revealed that the three learning groups
significantly differed in the number of create-level research ques-
tions that they generated at test, F(2, 68)= 8.85, p, .001,
ηp
2= .21. Strikingly, participants who had taught the material
(M= 4.38, SD= 2.74) generated twice the number of research ques-
tions of their peers who had constructed concept maps (M= 2.13,
SD= 1.94) or practiced retrieval (M= 2.29, SD= 1.88), p, .001
and p= .001, d= 0.95 and 0.89, respectively, whereas the latter
two groups did not differ, p= .86. There was also a significant
main effect of study text, whereby participants generated more
research questions based on the “food allergies” (M= 3.66, SD=
2.75) than “intelligence quotient” (M= 2.25, SD= 1.84) text on
overall, F(1, 68)= 8.19, p= .01, ηp

2= .11. Crucially, however, there
was no Learning Strategy× Study Text interaction, F(2, 68)= 0.20,
p= .82, ηp

2= .01, indicating that the learning-by-teaching group out-
performed their peers regardless of study topic across the natural and
social sciences (Figure 2A).

Nonresearch Question Generation Performance. We further
examined the number of non-create questions that participants inad-
vertently generated on the research question generation test (i.e.,
questions that did not fulfill the criteria for the create level of
Bloom’s taxonomy). As in Experiment 1, a 3 (learning strategy)×
2 (study text) between-subjects ANOVA indicated no significant dif-
ference across the concept-mapping (M= 9.04, SD= 5.90),
retrieval practice (M= 6.33, SD= 3.49), and learning-by-teaching
(M= 6.77, SD= 3.01) groups in the number of non-create ques-
tions generated, F(2, 68)= 2.94, p= .06, ηp

2= .08. Thus, the benefit
of learning-by-teaching for question generation performance was
specific to create-level research questions that all participants had
been instructed to formulate at test, rather than any type of question
in general. On overall, participants generated more non-create ques-
tions based on the “intelligence quotient” (M= 8.67, SD= 5.23)
than “food allergies” (M= 6.13, SD= 3.00) text, F(1, 68)= 6.67,
p= .01, ηp

2= .09. Nevertheless, the Learning Strategy× Study Text
interaction was nonsignificant, F(2, 68)= 1.00, p= .38, ηp

2= .03.
Recall Test Performance. A 3 (learning strategy)× 2 (study

text) between-subjects ANOVA indicated that the three learning groups
differed in their recall performance, F(2, 68)= 25.08, p, .001,
ηp
2= .42. Replicating the classic testing effect (e.g., Karpicke &
Blunt, 2011b; O’Day & Karpicke, 2021), retrieval practice (M=
14.96, SD= 4.07) dramatically improved long-term retention on the
delayed recall test, with learners recalling more than twice the amount
of content that concept-mapping participants did (M= 7.21, SD=
3.70), p, .001, d= 1.99. Notably, learning-by-teaching (M= 13.19,
SD= 4.35) also outperformed concept-mapping, p, .001, d= 1.48,
and did not significantly differ from the potent technique of retrieval
practice, p= .15. The number of idea units that learners recalled did
not significantly differ across the “food allergies” (M= 12.50, SD=
6.19) and “intelligence quotient” (M= 11.11, SD= 3.82) texts on
overall, F(1, 68)= 1.73, p= .19, ηp

2= .03. There was also no
Learning Strategy× Study Text interaction, F(2, 68)= 3.03, p= .06,
ηp
2= .08 (Figure 2B).

Discussion

Extending Experiment 1’s key finding, Experiment 2 showed that
the learning-by-teaching advantage for research question generation
held even on a delayed test 48 hr later. Indeed, participants who had
taught the study material generated twice the number of create-level
research questions of their peers who practiced retrieval or con-
structed concept maps. Furthermore, learning-by-teaching produced
superior retention than concept-mapping on the delayed test, and
rivaled retrieval practice that is well-established as one of the most
powerful techniques for improving long-term memory (Dunlosky
et al., 2013). Clearly, the learning-by-teaching effect on the delayed
recall and research question generation tests is not simply a result of
greater exposure to or engagement with tutee questions, since all
groups similarly received and responded to standard questions on
the study material. We consider other candidate accounts in the
General Discussion section.

Whereas retrieval practice did not improve immediate recall rela-
tive to concept-mapping in Experiment 1, it produced a robust ben-
efit for long-term retention in Experiment 2. This pattern of results
echoes those reported by other studies in the testing-effect literature
(Karpicke & Blunt, 2011b; Roediger & Karpicke, 2006a, 2006b).
Yet, the strong recall advantage that retrieval practice participants

Figure 2
Delayed (48-hr) Final Test Performance Across Learning
Conditions and Study Topics (Experiment 2)

Note. A and B show the mean research question generation and recall test
scores, respectively. Error bars indicate standard errors.
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enjoyed did not boost their research question generation perfor-
mance. Replicating Experiment 1’s findings, retrieval practice failed
to confer any benefits over concept-mapping on the delayed research
question generation test.

General Discussion

The ability to generate good research questions sets the stage for
scientific inquiry and discovery. Across two experiments, we found
that learning-by-teaching is an effective strategy to enhance this abil-
ity among students across topics in the natural and social sciences.
Specifically, students who taught a scientific text outperformed
their peers who practiced retrieval or constructed concept maps
when tested on their ability to generate create-level research ques-
tions based on the text (Experiment 1). This advantage persisted
durably after a 48-hr delay, and even when the retrieval practice
and concept-mapping groups engaged with poststudy questions as
did the learning-by-teaching group (Experiment 2).
In addition, learning-by-teaching improved recall more than

concept-mapping across both experiments, and in fact rivaled retrieval
practice in substantially enhancing long-term retention on a delayed
test in Experiment 2. This finding is noteworthy given the abundant
research demonstrating the potency of retrieval practice in producing
large gains for long-term retention (Karpicke, 2017; Rowland, 2014).
Comparatively, the benefits of learning-by-teaching for durable reten-
tion have arguably received less attention to date and thus call for fur-
ther validation.
Yet, our data also reveal that simply possessing a wealth of factual

knowledge is insufficient to improve higher-order research question
generation. Despite being able to recall more than twice the study
content that concept-mapping participants did after two days,
retrieval practice participants failed to generate more research ques-
tions based on that content (Experiment 2). These findings align
with those of a growing number of studies suggesting that retrieval
practice alone may not benefit some complex, higher-order learning
outcomes such as inferencing (McDaniel et al., 2009; Nguyen &
McDaniel, 2016) and integrative argumentation (Wong & Lim,
2019a). Indeed, the present study found no evidence that retrieval
practice improves create-level research question generation.
Of note, the lack of a retrieval practice advantage for question gen-

eration performance appears to extend to other higher-order question
levels. In a concurrent, related line of work in our lab comprising
three experiments (N= 168), we tested the extent that retrieval prac-
tice more generally boosts learners’ ability to ask good questions
(see Experiments 3a–3c in the online supplemental materials for
full details). Learners studied a scientific expository text either by
alternating between study and retrieval, or by studying it repeatedly.
A week later, they returned to receive training on question genera-
tion, then generated as many lower-order (remember and under-
stand) and higher-order (apply, analyze, evaluate, and create)
questions as they could based on the text that they had earlier stud-
ied, and were also tested on their recall of the text content. Although
learners who practiced retrieval displayed better long-term retention
and lower-order question generation performance than their peers
who restudied, we consistently found that they did not generate
more higher-order questions (Experiment 3a), even when explicitly
instructed to focus solely on generating such questions at test
(Experiment 3b). Despite further bolstering retrieval practice with
a metacomprehension monitoring intervention—judgments of

higher-order learning (JOL+; Wong & Lim, 2019a)—that oriented
learners’ attention toward the kinds of processing needed for effec-
tive higher-order question generation, learners’ performance
remained at bay (Experiment 3c). Altogether, retrieval practice is a
potent technique for enhancing durable retention but does not suffice
for improving higher-order question generation.

Theoretical Explanations for the Learning-by-Teaching
Effect

Why does learning-by-teaching surpass concept-mapping and
retrieval practice in enhancing create-level research question gener-
ation? Although the extant data can yet fully explain the learning
benefits of teaching, some explanations are more plausible than oth-
ers within the given experimental parameters. Foremost, because the
present study was specifically intended to dissociate the effects of
teaching versus retrieval practice (Koh et al., 2018),
learning-by-teaching participants were given access to their self-
generated notes whilst teaching, ensuring that there was no need
or grounds for them to retrieve the material from memory. Thus,
the learning benefits of teaching observed here are unlikely to be
due to retrieval practice.

Second, although all three learning methods in the present study
have been considered generative learning strategies (Fiorella &
Mayer, 2015, 2016), it is possible that teaching induced higher levels
or fundamentally different types of generative processing that
enabled the tutor to create new ideas and research questions about
the material, relative to retrieval practice and concept-mapping.
Which stage(s) of the teaching process could have contributed to
this? Since all learners in Experiment 2 responded to standard ques-
tions about the study material, it is unlikely that the subsequent
learning-by-teaching advantage arose from the stage of responding
to tutee questions. Rather, the tutor’s learning gains in the present
study more likely stemmed from the stages of expecting to teach
and/or actually teaching. For instance, expecting to teach rather
than be tested has been found to enhance learners’ organization of
the material (Nestojko et al., 2014) and intrinsic motivation to
learn (Benware & Deci, 1984; Guerrero & Wiley, 2021). Through
taking on the role of a teacher, learners may enact behaviors that
they perceive to be defined by this role when preparing to teach,
such as organizing or restructuring the content when considering
the relations among ideas in the text (Bargh & Schul, 1980).
Furthermore, when actually teaching, the tutor may generate elabo-
rations and inferences to ensure that their explanations are coherent
and understandable by their intended audience, while monitoring
their own learning to remedy any knowledge gaps (Lachner et al.,
2020; Muis et al., 2016; Roscoe & Chi, 2008). In turn, such pro-
cesses may enable the tutor to build a richer situation model of the
material (Kintsch, 1988) for deep and durable learning that facilitates
their research question generation.

Finally, teaching may elicit a sense of “productive agency”
(Schwartz, 1999) or even feelings of power whilst viewing oneself
as a teacher who gives advice that could influence others’ actions
(Schaerer et al., 2018). In anticipating their tutees’ learning needs,
the tutor may then engage in further adaptation processes (Clark &
Brennan, 1991), such as tailoring their explanations to include
more elaborations for a less knowledgeable audience (Nickerson,
1999; Wittwer et al., 2010). In contrast, generating egocentric
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content for one’s own learning may not prompt such processes or do
so to a lesser extent.
Indeed, retrieval practice and concept-mapping may have been

less successful in triggering such useful mechanisms that promote
deep learning and inspire high-quality research questions. Whereas
retrieval practice and learning-by-teaching both yielded strong
gains for long-term retention (Experiment 2), observing similar
behavioral performance in any two conditions does not always
mean that similar mechanisms apply. For instance, although retrieval
practice also offers metacognitive monitoring advantages in helping
learners diagnose what they do not know or remember to guide their
subsequent restudy (Little & McDaniel, 2015), it may not necessar-
ily alert learners to deficits in their global-level situation model of the
text (Nguyen & McDaniel, 2016; Wong & Lim, 2019a). In particu-
lar, learners tend to adopt a knowledge-telling bias in summarizing
or “telling” what they know, rather than engaging in reflective
knowledge-building when (re)constructing knowledge in meaning-
ful ways that aid their deep learning (Roscoe & Chi, 2008). Thus,
when taking on the role of a “learner” and testing themselves from
memory during the study phase, retrieval practice participants
could have relied mainly on knowledge-telling and textbase process-
ing, as compared to knowledge-building or situation-model process-
ing. Consequently, retrieval practice produced little benefit on the
final research question generation test despite improving recall
(Experiments 1 and 2). Notably, this lack of benefit could not be
overcome even when retrieval practice had been supplemented
with JOL+ questions as a metacomprehension monitoring interven-
tion to guide learners’ restudy toward the higher-order processes
needed for research question generation (see Experiment 3c in the
online supplemental materials).
Likewise, concept-mapping participants took on the role of a

“learner” in preparing to be tested. Although concept-mapping fun-
damentally involves elaborating on the to-be-learned material by
organizing and constructing links among various concepts, it is pos-
sible that its benefits may be more pronounced when learners
are provided with more extensive training to construct higher-quality
maps (Fiorella &Mayer, 2016). However, there seems to be little—if
any—evidence from randomized controlled experiments that exten-
sive training is necessary for concept-mapping to be effective (for
discussions, see Karpicke & Blunt, 2011a; Wong & Lim, 2022b).
Moreover, tedious and time-consuming training may lead students
to lose interest in this technique (Fiorella & Mayer, 2016). Thus,
from a practical standpoint, teaching is a relatively more efficient
learning technique since students did not require any extensive train-
ing to reap its benefits for knowledge retention and research question
generation within the same study duration. We are hopeful that
future experimental work will distill the processes underlying
learning-by-teaching effects. In turn, this knowledge would guide
efforts on implementing learning-by-teaching to stimulate knowl-
edge discovery and innovation.

Educational Implications and Future Directions

Not all generative learning strategies are equal—depending on the
learning context and desired pedagogical outcomes, the most effec-
tive strategy should be appropriately applied (Fiorella & Mayer,
2016). For instance, our findings suggest that if the learning goal
were to increase one’s durable memory for the studied material,
then practicing retrieval or engaging in teaching activities would

be more effective than concept-mapping. Conversely, if the learning
goal were to generate novel research questions based on the studied
material, then students would profit more from learning-by-teaching
than retrieval practice or concept-mapping. In sum, our findings sup-
port the idea that teaching-based learning activities are powerful for
enhancing not only long-term basic retention but also in pushing stu-
dents toward achieving the highest level of Bloom’s taxonomy—
creating new knowledge through generating novel research
questions.

Although the present study was specifically designed to dissociate
the effects of teaching versus retrieval practice, it should be noted
that both techniques can be applied in combination in education.
Basic knowledge about the target topic or material at hand, which
lower-ability students may tend to lack relative to higher-ability stu-
dents, is crucial as the foundation on which to generate associated
deeper questions. Notably, retrieval practice accompanied by feed-
back has been shown to benefit lower-ability students during learn-
ing (Agarwal et al., 2017). Thus, retrieval practice may be
judiciously introduced prior to learning-by-teaching (e.g., Roelle
et al., 2022) in leveling the playing field for these weaker students,
so that no one is left behind in the learning process.

Indeed, examining how retrieval practice can be astutely inte-
grated with learning-by-teaching offers a promising prospect for
future work. Although retrieval practice imposes a hurdle in
demanding that students successfully recall the material before
they can go on to organize and elaborate on the retrieved content,
it may not necessarily harm the quantity and quality of students’ gen-
erative responses despite reducing the amount of content covered
during study (Roelle & Nückles, 2019; Waldeyer et al., 2020).
However, because the reduced coverage in students’ generative
responses can impair their subsequent learning performance
(Roelle & Nückles, 2019), remedying this issue is critical. For
instance, one viable solution may be to incorporate retrieval practice
in generative activities via a closed/open switch style rather than a
purely closed-book style (Waldeyer et al., 2020). That is, students
could engage in organization and elaboration without referring to
the material as much as possible but are permitted to access the mate-
rial on demand when in doubt. In line with this notion, some evi-
dence suggests that allowing students to flexibly switch between
closed- and open-book styles during generative activities may opti-
mize learning benefits (Waldeyer et al., 2020). Extending this area of
work, it would be interesting for future research to consider how
learning-by-teaching can be implemented in tandem with other
effective learning techniques such as distributed practice (for
reviews, see Carpenter et al., 2022; Cepeda et al., 2006; Dunlosky
et al., 2013), interleaving (e.g., Brunmair & Richter, 2019; Firth et
al., 2021; Kornell & Bjork, 2008; Wong et al., 2020, 2021), and
learning from errors (Metcalfe, 2017; Wong & Lim, 2019b) that
are induced before instruction (Kapur, 2008; Kapur & Bielaczyc,
2012) or even deliberately committed and corrected during study
(Wong, 2023; Wong & Lim, 2022b, 2022c).

How much of the benefits of learning-by-teaching for research
question generation are attributable to preparing to teach versus actu-
ally teaching? Although comparisons of individual teaching stages
would necessitate “stripped down” versions of the full teaching pro-
cess, this could reveal important theoretical insights on the specific
contributions of each stage. For instance, expecting to teach in itself
has been found to boost memory and comprehension on both imme-
diate and delayed tests (Guerrero & Wiley, 2021; cf. Fiorella &
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Mayer, 2013, 2014), with greater benefits when coupled with actu-
ally teaching (Kobayashi, 2019). It remains to be explored whether
such trends extend to more complex, higher-order learning out-
comes such as research question generation.
Furthermore, a growing body of research suggests that higher-

order thinking and learning require epistemic cognition—one’s con-
ceptions of knowledge and knowing, which influence the way that
one constructs, critically evaluates, and uses knowledge (e.g.,
Cartiff et al., 2021; Greene &Yu, 2016; Sinatra et al., 2014). By log-
ical extension, positioning students to enact effective epistemic cog-
nition may moderate the effects of teaching others on their research
question generation performance. Future work ought to test this pre-
diction directly.

Conclusion

Traditionally, learning has often been assessed by having students
answer teacher-prescribed test questions. The present research offers
two ways of re-thinking educational processes and outcomes. First,
meaningful learning can be assessed through having students devise
their own higher-order research questions aimed at creating and dis-
covering new knowledge, beyond deriving answers to their teachers’
questions. Crucially, students do this best by becoming the teacher
themselves. As compared to practicing retrieval or constructing con-
cept maps, teaching others was more effective in enhancing stu-
dents’ research question generation across both immediate and
delayed tests, while benefiting their memory retention. Indeed,
researchers and educators ought to collaboratively think of how
best our student might be the teacher, so that as the leaders of tomor-
row, they may become bearers and bestowers of the best questions
and ideas about the complex world that we live in.
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